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Abbreviations 
 
5-HT   5-hydroxytryptamine (indolamine serotonin) 
a   anterior 
α   alpha lobe of mushroom body 
Al   alpha lobe of mushroom body 
β   beta lobe of mushroom body 
BL   beta lobe of mushroom body 
Brdu   5-bromo-2-deoxyuridine 
BSA   bovine serum albumin 
CA   anterior calyx 
Cb   central body 
CB   central bridge 
CP   posterior calyx 
Cy2   green fluorochrome, carbocyanine 
Cy3   red fluorochrome, indocarbocyanine 
deg   degeneration 
d   dorsal 
eF   extrinsic fibre 
ER   endoplasmic reticulum 
EX   extracellular processes 
F-actin  filamentous actin 
G-actin  globular actin 
GA   glutaraldehyde 
GABA  gamma amino buteric acid 
Gc   glial cell 
iAct   inner antenno-cerebral tract 
KC   Kenyon cell 
LSM   laser scan microscopy 
MB   mushroom body 
N   nucleus 
NGS   normal goat serum 
P   stalk 
p   posterior 
  
PBS   phosphate buffered saline 
PCD   programmed cell death 
PFA   paraformaldehyde 
PL   pericaryal layer 
PN   projection neuron 
SKC   sprouting Kenyon cells 
TEM   transmission electron microscopy 
v   ventral
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1. Introduction 
 
Mature brains have been considered widely to be completely unable to 
produce new neurones during all phases of adult life, and older reports on the 
neurogenesis of neurones in functional networks have been either ignored or taken 
as rare exceptions until recently (Ito and Hotta, 1992; Fahrbach et al., 1995; Malun, 
1998; Farris et al., 1999). The making of neurones and neuronal networks has 
therefore been studied in premature vertebrate and invertebrate animals, in order to 
find general principles for neuron augmentation, fibre growth, path finding and 
synaptogenesis (for a review, see Cayre et al., 2002). In the last two decades 
compelling evidence has been found that neural stem cells do belong to the normal 
equipment in adult brains of many vertebrate and invertebrate species, adding newly 
formed neurones throughout life (Cayre et al., 2002). 
 
Secondary neurogenesis in mature brains is generally not randomly distributed 
or installed in many brain regions, but confined to some areas and neuron types 
(Altman and Das, 1965; Cayre et al., 1994; Eriksson et al., 1998; Harzsch et al., 
1999). Addition or replacement of neurones into a functional network, which 
organizes electrical activity to properly exert behaviours to cope with the environment 
of an animal, is one basis for neuroplasticity. It is also seen in fibre growth, synaptic 
modulation and changes in molecular inventory of mature, fully developed neurones 
that are not able to produce further cell divisions (Cayre et al., 1996; Scotto 
Lomassese et al., 2000). Neuroplasticity is understood as interdependent structural 
and functional dynamics of neurones in developmental and mature stages of the 
animal’s life (Tucker et al., 2004). A number of factors ranging from complex 
environmental conditions to single molecules are involved in the expression of 
neuroplasticity (Kemperman and Gage, 1999; Van Praag et al., 1999; 
Meinertzhagen, 2001). 
 
Interestingly, morphological changes, including gross alterations or the 
refinement of specialized structures in neurones have been repeatedly reported in 
peripheral and central brain areas with neurones and synaptic circuits specifically 
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serving for integration of sensory inputs (Scotto Lomassese et al., 2003) and/or in 
systems considered to be specialized in learning and memory (Gould et al., 1999; 
Harzsch et al., 1999; Sandeman and Sandeman, 2000; Schmidt, 2001). For 
example, as early as in 1977 Kaplan and Hinds described the development of newly 
emerged cells after mitosis in the olfactory bulb and dentate gyrus of the rat brain by 
autoradiographic and electron microscopic studies, proving a hypothesis of Altman 
(1962) raised from studies of other areas in the rodent brain. The forming of newly 
emerging neurones throughout adult life has so far been demonstrated for a 
considerable number of examples in the brains of fish, reptiles and birds, often in 
areas for visual integration (Johns and Easter, 1977; Raymond and Easter, 1983; 
Chetverukhin and Polenov, 1993). 
 
Adult neurogenesis and cell proliferation exists in invertebrates too, 
comparatively well investigated in arthropod brains (Cayre et al., 2002). 
Neurogenesis throughout adult life has been shown for decapod crustaceans 
(Harzsch et al., 1999; Sandeman and Sandeman, 2000). Prominent cell proliferation 
forming local neurones is located in the brain olfactory and accessory lobes, neuropil 
centres for sensory input from the antennules. The amount of cell divisions quantified 
from BRDU-labelling is correlated with environmental conditions, which were 
experimentally impoverished or enriched and followed by negative or positive effects, 
respectively (Sandeman and Sandeman, 2000). 
 
Mitotic activity in nervous systems of mature insects has been pointed out by 
the previously often overlooked detailed studies of Johansson (1957) and Panov 
(1960) using classical histological methods (for a review, see Pipa, 1973), later on 
confirmed and intensely investigated by Cayre et al. (1994; 1996), especially in 
crickets. Panov found cell divisions in adult orthopteroid insects. Grasshoppers, 
crickets and cockroaches are hemimetabolous insects which develop the brain and 
its compartments in a sequential manner, so that in the late instars the complete 
architecture of the brain neuropil is found before final imaginal hatching. 
 
Post larval and pupal growth is found as well in holometabolous insect 
nervous systems, undergoing complete metamorphosis. This has been detected for 
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the mushroom bodies (MBs) of beetles (Rossbach, 1962). A remarkable positive 
allometric increase of MBs differing from other brain regions has been revealed by 
volumetric determinations and cell counts in young imagines of the rove beetle 
Aleochora during the first twenty days after eclosion (Bieber and Fuldner, 1979). The 
dramatic augmentation of the neuropil volume – more than 71 % - is based on the 
proliferation of persisting neuroblasts, giving birth to local interneurones, the so-
called Kenyon cells (KCs). The number of KCs increases from 1632 (day 1 of imago) 
to 2797 (day 20). 
 
Persistence of MB neuroblasts and neurogenesis in mature imagines of 
holometabolous insects is considered to be rare, because it was not found in a 
number of well investigated other forms, among them bees and the fruit fly 
Drosophila. In hemimetabolous insect brains, proliferation of neurones in adults may 
be more widespread (Cayre et al., 2002), but the scarcity of studies in the large 
kingdom of insects does not allow us to put forward a firm generalizing statement. 
Especially findings that some species classified as closely related from systematics 
show differences with respect to imaginal neurogenesis. 
 
In hemimetabolous insects of the groups of Gryllidae, Mantidae, and 
Heteroptera (Cayre et al. 1994; 1996), neuroblasts produce neurones during imaginal 
life either in early life, e.g. the cockroach Diploptera punctata for 8 days (Gu et al., 
1999), or continuously throughout the whole life, as shown for the house cricket 
Acheta domesticus. In this species, the addition of newly generated KCs in adults 
has been estimated to make up 20% of these local intrinsic MB cells in 50 day old 
imagines (Malaterre et al., 2002) in a total of about 50000 KCs in one MB 
(Schürmann, 1987). Neuroblasts may not only produce neurones but also glial cells 
in MBs of imagines as shown for the grasshopper Locusta migratoria and the 
cockroach Periplaneta americana (see Cayre et al., 1996). Glial cells were 
discriminated from neurones by cell type specific markers. 
 
Interestingly, in all cases intensely studied, massive proliferation of neurones 
after larval hatching in adults is located in the MBs (corpora pedunculata), and the 
neurogenesis from neuroblasts via ganglion mother cells is here confined to a special 
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class of neuron types, the globule cells, now termed KCs (see Kenyon, 1896; 
Strausfeld, 1976). These unique local interneurones have been documented in 
numerous studies on different insect orders since the detection of the MBs in the 
protocerebral part of the bee brain by Dujardin (1850). A brief outline of the common 
architecture the MB structures in insects is therefore given here (for comparison of 
insect groups, see reviews by Schürmann, 1987; Strausfeld et al., 1998; Farris and 
Sinakevitch, 2003). Details of the MB structure, including new findings in the species 
Gryllus bimaculatus investigated in this study are given below (see results section). 
MBs comprise two symmetrically arranged neuropils of characteristic shape in the 
protocerebral brain hemispheres. Each unilateral corpus peduculatum consists of a 
peripheral layer of KC somata with scarcely developed pericaryal cytoplasm 
(neurones gathered in a cup shaped cortex). These intrinsic local interneurones form 
a neuropil typically subdivided in well-defined compartments: the proximal calyx, 
followed by a columnar stalk (peduncle), which distally bifurcates into columnar α- 
and β- lobes (now often termed vertical and medial lobes). These compartments are 
further sub structured into subcompartments in a species-specific manner. Form and 
position of MBs varies in the taxonomic groups. The most accentuated subdivisions 
of MBs seen in delicately ordered strata of the lobes are established in the 
voluminous MBs of cockroaches and bees (Strausfeld and Li, 1999). A more simple 
organization of the MB neuropil of crickets has been documented by use of Golgi 
techniques (Schürmann, 1973; 1987), and later confirmed by experimental marking 
of MB cell types (Malaterre et al., 2002; Frambach and Schürmann, 2004). The form 
and positioning of cricket MBs resembles the tiny MBs in Drosophila (Yasuyama et 
al., 2002). The shape of MBs, though differing in the diverse insect forms, is 
governed by the orderly arranged KC fibres, and apparently not very much influenced 
by a smaller number of relay neurones of different types, the extrinsic neurones with 
cell bodies outside the MBs, connecting them with other brain areas (for reviews, see 
Schürmann, 1987; Homberg, 1994; Strausfeld et al., 1998). KCs, forming 3 and more 
types, display distinct fibre bundles with more or less parallel axonal fibres to be 
traced from the proximal calyces through the stalk to the distal tips of the lobes. The 
largest number of KCs has been reported for the cockroach Periplaneta (a total of 
about 400000) by Neder (1959), similar to worker honeybees (a total of 340000; 
Witthöft, 1967), both forms endorsed with voluminous MBs. Gross outlines of 
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synaptic circuitry in MBs have been given for the cricket MBs and found similarly 
established for other insect forms systematically not closely related by electron 
microscopy (Schürmann, 1974). These concern main sites of input, crosstalk and 
output between extrinsic and intrinsic fibres. Thus the known structural and 
ultrastructural characters, intensely investigated in many details in cricket MBs, are a 
solid basis for the present study. Size and the simple strong structural geometry ease 
a systematic study at all levels of the cricket MBs by light and electron microscopy. 
 
A detailed knowledge of the MB structure is the indispensable basis for 
understanding functional roles of MBs. These are briefly reported here. There is 
compelling evidence for a special higher role of the MBs in the hierarchy of neuropils 
in multimodal sensory integration. This was earlier shown for the cricket Acheta by 
intracellular recordings and combined iontophoretic staining (Schildberger, 1981; 
1983; 1984; for a review see Schürmann, 1987) and for bees (Erber et al., 1987). 
 
The prominent chemosensory input to MBs has stimulated a search for modes 
of information processing and given insights into general mechanisms of filtering 
olfactory signals relevant to executing selected behaviours (Stopfer et al., 2003). 
Space, time and cell specific activation of input to the calyces of Drosophila MBs has 
been recently visualised (Fiala et al., 2002) in the boutons of olfactory projection 
neurones (Yasuyama et al., 2002). Furthermore, MBs are useful favourite model 
neuropils which are crucially involved in different types of learning and memory 
(Heisenberg et al., 1995; Zars et al., 2000). The relevance of MBs in organizing and 
triggering behaviours was first proposed by ablation and stimulation studies in bees, 
ants, cockroaches and crickets (Neder, 1959; Huber, 1960; Vowles, 1964; for a 
review see Erber et al., 1987). MBs of fruit flies are now intensely studied neuropils of 
high interest, based on genetic dissection experiments in the context of behavioural 
performances (Heisenberg, 1998; Zars et al., 2000). 
 
As mentioned above, MBs of crickets are the only ones provided with massive 
adult neurogenesis of a single cell class, in this respect different from the other model 
animals. Due to this feature, together with a relative structural simplicity, cricket MBs 
appear especially well suited to study the sequential morphological steps leading to 
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the integration of added KCs into a functional network. These events comprise 
mitosis, forming and outgrowth of fibres, path and space finding, establishment of 
dendritic branches and of collaterals, synapse formation and maturation, transmitter 
equipment and other molecular dynamic changes. These dynamic structural changes 
have been studied in other systems of vertebrates and invertebrates as well, 
including in vivo and in vitro approaches (cell and tissue culture) (Altman and Das, 
1965; Johns and Easter, 1977; Kaplan and Hinds, 1977; Raymond and Easter, 1983; 
Chetverukhin and Polenov, 1993; Eriksson et al., 1998; Harzsch et al., 1999), also 
testing growth inductive factors (Scotto Lomassese et al., 2002; Farris and 
Sinakevitch, 2003). These studies should therefore lead to comparisons with the 
MBs, a system which allows access to hundreds of identifiable local neurones 
condensed in small neuropil volume, developing to their ultimate mature form under 
constant completely natural conditions, not experimentally triggered by selected 
factors. 
 
The studies presented here using adult crickets of the species Gryllus 
bimaculatus are devoted to morphological aspects of newly added and sprouting KCs 
which are meant to find their synaptic partners in the functional MB system. The MB 
system is already present and obligatory functional in larval stages. In contrast to 
KCs, the extrinsic MB relay neurones are already all existent in the late larvae. They 
cannot be added by cell divisions of persisting stem cells in adult brains, but must 
underlie structural plasticity in adult individuals when synapsing with newly added 
KCs in the neuropil compartments. Moreover, structural association of developing 
neurones with glial cells could be important, as these non-neural cells might be used 
for fibre path finding, regeneration and degeneration in space delivering processes 
(Rakic, 1971; 1972; Boyan et al., 1995; Xiong and Montell, 1995). 
 
Cellular contents, structural design and synaptic circuitry of MBs have been 
given for Acheta domesticus (Schürmann, 1971; 1972; 1973; 1974), but not for the 
closely related species Gryllus bimaculatus, except for some preliminary studies 
(Mashaly et al., 2003; Frambach et al., 2004). Synaptic equipment requires electron 
microscopy, because high-resolution light microscopic visualisation of synaptic sites 
by highly specific markers is not sufficient, and is often misleading for reliable proof of 
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synapses in the dense fibre meshwork of neuropils (Yasuyama et al., 2003). 
Therefore, a description of synaptic endorsement in Gryllus bimaculatus is first given, 
including newly detected details on synaptic connectivity in some MB compartments. 
The site, amount and formation of new KCs, the growth and invasion of their fibres 
into the calyx, thereafter into the stalk up to the distal ends of the lobes is presented. 
This raises the question as to whether the placement of new fibres in space is 
achieved in an orderly manner throughout life, or whether age specific alterations 
lead to disorder or volume changes. Therefore, individuals of different ages were 
investigated. Sequential addition of thousands of new fibres could cause space 
problems, if free extracellular space were not be reserved in adult MBs or 
compensatory mechanisms of decline of neuropil (degeneration) did not exist. Both 
possibilities were therefore examined. 
 
Growing fibres form at their tips growth cones subjected to continuous 
molecular and structural alterations (Knobel et al., 1999), such as elongation at 
axonal endings and at collateral branches. This was inspected in the calyces and in 
parts of the stalks and lobes. Growth and synapse formation, elements of neuronal 
plasticity, require the formation and temporal use of a wide range of molecules 
present and organisation of these delicate and tiny structures (for review, see Harris, 
1999; Matus, 2000; Huntley et al., 2002). Among these molecules, which can be 
visualized by specific markers for light and electron microscopy, f-actin is crucial for 
cell growth and pre- and postsynaptic dynamics (Colicos et al., 2001; Huntley et al., 
2002). Microtubules are organelles indispensable for fibre elongation and axonal 
transport. Their distribution in MBs was investigated by immunochemistry in order to 
find differences in developing and mature KC fibres. Synapsin proteins are 
associated with synaptic vesicles, forming pools in presynaptic boutons (Huttner et 
al., 1983; De Camilli et al., 1993). Synapsins also interact with actin, microtubules 
and spectrin (De Camilli et al., 1990; Greengrad et al., 1993), and anti-synapsin 
antibodies were therefore used in this study to explore synaptic sites in neuropil 
areas and neurones stained by transmitter immunocytochemistry. Markers for these 
molecules and for mitotic events were employed in this study to describe their 
emergence and distribution in the MBs. Conventional electron microscopy, still the 
only reliable technique to directly visualize and ensure the existence of synapses and 
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other membrane specializations, provided an insight into their occurrence in the 
equipment of developing fibres with organelles. A brief communication of parts of the 
study on the growing process of newly added KCs has been published (Mashaly et 
al., 2003). 
Material and Methods 
 
__________________________________________________________________________________________ 
- 9 - 
2. Material and Methods 
 
2.1. Animals 
 
Male and female crickets if the species Gryllus bimaculatus De Geer reared in 
the institute’s breeding colony were maintained under photoperiods (12h light / 12h 
dark cycle), at 27-30 °C and 55% relative humidity. Larval insects and of the adult 
stage aged 1 week, 2 weeks and two months were taken for light and electron 
microscopy. A total of 89 brains was used for light microscopic studies and 15 brains 
(age 7 days) for the electron microscopic study. 
 
2.2. Preparation procedures for fixation 
 
Crickets were first immobilised, generally by cooling at 4°C. The whole head 
was then separated from the body, pinned down dorsal side up in a wax dish. A 
window was opened between the compound eyes in the head capsule and the brain 
was immersed in fixative. Brains were subsequently carefully dissected from the 
head capsule and transferred immediately in cold, fresh fixative (10°C). 
 
2.3. Fixations 
 
For light microscopy, the fixative solutions were used according to the 
requirements of the staining experiments (see table 1). 
 
Table 1 
F-actin, tubulin, synapsin, 5-HT 4% paraformaldehyde (PFA) in 0.1M phosphate 
buffer 
Anti-phospho histone H3, 
propidium iodide 
4% PFA in phosphate buffered saline (PBS) 
GABA 1.5% glutaraldehyde (GA) in 0.1M phosphate 
buffer 
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For conventional electron microscopy, a primary fixative with 1% PFA and 
2.5% GA in 0.1M phosphate buffer for 24h on ice, followed by osmication in 2% 
osmium tetroxide in 0.1M phosphate buffer for 1.5h was applied.  
 
2.4. Light microscopy 
 
2.4.1. Phalloidin f-actin staining 
 
To localize f-actin, fluorescence coupled phalloidin (MOBITEC, Molecular 
Probes USA) was used (for staining procedures see Wulf et al., 1979; Rössler et al., 
2002) 
 
2.4.2. Propidium iodide staining 
 
Propidium iodide has been widely used as a fluorescent stain for DNA in fixed 
cells (Sasaki et al., 1987). In the present study propidium iodide was employed to 
investigate the glia distribution in the cricket MBs (for staining procedures see 
Devaud et al., 2001). 
 
2.4.3. Immunocytochemical methods 
 
2.4.3.1. Antibodies 
Primary antibody concentrations and manufactures are listed in table 2. 
 
Table 2 
Primary anti-body Dilution Sources 
Anti-phospho histone H3 (rabbit) 1:200 Upstate Biotechnology, USA 
α-Tubulin (mouse) 1:1000 Sigma, Saint Louis, Missouri, USA 
Anti-GABA (rabbit) 1:500, 
1:1000 
Incstar Cooperation, Stillwater, MN, 
USA 
Anti-synapsin I (mouse) 1:1000 Buchner/ Hofbauer, Würzburg 
Serotonin (5-HT, rabbit) 1:1000 Incstar, USA 
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2.4.3.1.1. Anti-phospho histone H3 
 
 Polyclonal serum raised in rabbit against phosphorylated histone H3 (for 
staining procedures see Harzsch et al., 1999) was used to stain the mitotic cells in 
the MB pericaryal layer. This antibody detects mitotic cells (Mahadevan et al., 1991; 
Chadee et al., 1995; Ajiro et al., 1996). 
 
2.4.3.1.2. Anti-α-tubulin 
 
 The monoclonal antibody raised in mouse against acetylated tubulin was used 
to detect acetylated α-tubulin in the developing and mature KCs. The antibody has 
been used to detect acetylated α-tubulin in many organisms: protista, plants, 
invertebrates and vertebrates (LeDizet and Piperno, 1991). 
 
2.4.3.1.3. Anti-synapsin I 
 
 The monoclonal antibody raised in mouse against Drosophila synapsin I 
(SYNORF1) (Klagges et al., 1996) was used to visualize presynaptic sites in the 
cricket MBs. Specificity of the antiserum was tested by Western blot analysis of syn 
gene product in transformed Escherichia coli strains, in the head homogenates of the 
fruit fly (Klagges et al., 1996) and in the spider Cupiennius salei (Fabian-Fine et al., 
1999). 
 
2.4.3.1.4. Anti-GABA 
 
 Monoclonal anti-GABA raised in rabbit against GABA coupled to BSA with 
glutaraldehyde was used for the localization of GABA in the cricket MBs (for 
procedures and specifity controls see Fabian-Fine et al., 1999). 
 
2.4.3.1.5. Anti-5-HT 
 
 The polyclonal antibody raised in rabbit against serotonin conjugated to bovine 
serum albumin was used to localize the serotonin in the cricket MBs (for procedures 
and specifity controls see Strambi et al., 1989). 
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2.4.3.2. Secondary fluorescence antibodies 
 
Secondary fluorescent antibodies are listed in table 3. 
 
Table 3 
Secondary anti-body Dilution Sources 
Cy3 goat anti rabbit 1:200 Rockland, Gilbertville, PA, USA 
Cy3 anti-mouse 1:100 Jackson, Dianova, Hamburg 
Cy2 anti-rabbit 1:100 Rockland, Gilbertville, PA, USA 
 
2.4.4. Serial vibratome sectioning 
 
After fixation brains were washed with PBS and embedded in 5% low melting 
point agarose. Embedding of the specimens was performed at 50°C and 
subsequently the agarose blocks were cooled to allow further gelling. After trimming 
and mounting, the blocks were sectioned into serial vibratome slices (thickness 30–
60 µm) with vibratome (LEICA VT 1000 S) in frontal, horizontal and sagittal planes. 
The preparations were washed again with PBS and, after treatments according to the 
different experiments, mounted on glass slides for microscopy. For embedding 
medium PBS/ glycerin mixture (v:v/1:1) was used. 
 
2.5. Conventional electron microscopy 
 
 The ultrastructure of cricket MBs was studied by conventional transmission 
electron microscopy (TEM) (for methods see Robinson et al., 1985) in order to 
compare results with immuno-light microscopy. 
 
2.5.1. Sectioning 
 
Whole brains were embedded in Araldite and the blocks were sectioned with 
ultramicrotome (Reichert Jung Ultracut E) into 0.5-1 µm semithin or 50-60 nm 
ultrathin sections. 
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 Semithin sections were obtained with a glass knife. To recognise different 
brain regions, semithin sections were stained with toluidine blue for light microscopy 
inspection. Ultrathin sections were taken with a diamond knife. 
 
2.5.2. Contrasting 
 
2.5.2.1. Uranyl acetate 
 
 Block staining with uranyl acetate was performed during dehydration. The 
saturated solution of uranyl acetate in 70% ethanol was freshly prepared and applied 
for 30 min. 
 
 Alternatively, ultrathin sections were contrasted with aqueous solution of 
uranyl acetate for 1-2 min (Robinson et al., 1985). 
 
2.5.2.2. Lead citrate 
 
 Ultrathin sections were contrasted with lead citrate according to Reynolds 
(1963) for 1-2 min. After staining, grids were washed several times with double-
distilled water. 
 
2.6. Microscopy 
 
2.6.1. Light microscopy 
 
Vibratome sections were examined with a fluorescence microscope (Axioskop, 
Zeiss) with the appropriate fluorescence optics: Zeiss plan Neofluar 10x/ 0,3; 20x/ 
0.5; and 40x/ 0.75. Images were taken with a digital CCD camera (Diagnostic 
Instruments Inc., Spot 32), with a resolution of 1300*1035 pixel. The following filter 
combinations were used for fluorescence microscopy: for green fluorescence 
(excitation: BP 450-490 nm, beam splitter: FT 510 nm, emission: BP 515-565 nm) or 
for red fluorescence (excitation: BP 546/12, beam splitter: FT 580, emission: LP 590). 
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Double stained preparations were photographed separately for each 
fluorescence, and subsequently merged to a single image by UTHSCSA Image Tool 
software. 
 
Detailed analysis of the fluorescent preparations was accomplished with a 
confocal microscope (LSM 510, Zeiss, objective Zeiss plan - Neofluar 40x/ 1.3 oil). 
Single optical sections as well as series of optical sections were taken from a 
vibratome section. The optical section thickness was in the range of 0.5 to 0.9 µm. 
An excitation wavelength of 543 nm was used for red fluorescence with a long pass 
filter 560, and an excitation wave length of 488 nm in connection with a band pass 
filter 505-550 was used for green fluorescence. Monochrome digital images were 
taken up in the 8-bit mode. During transformation of the monochrome raw images 
into colour images, the colour channels were selected according to the wavelength of 
the fluorescence colouring materials: texas-red, tetramethylrhodamine and Cy3  
red channel, alexa 488 and Cy2  green channel. 
 
2.6.2. Conventional electron microscopy 
 
Ultrathin sections were photographed at primary magnifications ranging from 
2,500-20,000 with TEM (Zeiss EM 10B or Zeiss CEM 902A) and analysed. Defined 
MB parts were photographed to obtain montages of selected areas used for 
measurements and counts. EM negative or positive were scanned (scanner Epson 
perfection 2450 photo) at high resolution (800 or 1200 dpi). 
 
2.7. Digital image processing 
 
Treatment of pictures and data evaluation for the conventional and confocal 
fluorescence microscopy and electron microscopy were made with the programs 
Adobe Photoshop 7.0.1, Corel Photopaint 8.0 and UTHSCSA Image Tool 2.0. 
 
To improve subjective visual impression in the different images types, the 
contrast and brightness were raised. In addition the stretch function in UTHSCSA 
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Image Tool 2.0 program was used. This function spreads the brightness in the image 
linearly on the available range (with 8 bit grey images 0-255). 
To optimise the contrast of a stack of laser microscope images, some special additional 
scripts (Dr. Gras, Göttingen) within the program environment of UTHSCSA Image Tool 
2.0 were used. The following steps were carried out: 
 
1- A set of images was exported from the LSM510 program to the UTHSCSA 
Image Tool 2.0 program (modified) and arranged in a sequential image stack. 
2- The image stack was processed for colour separation to obtain two new stacks 
of green and red images. 
3- The image with the best resolution of intensities was selected as a reference 
separately from each stack (green and red). 
4- The cumulative histogram of intensities of every image in the respective stack 
was modified to match as closely as possible the intensity distribution of the 
reference image (implemented as script in Image Tool; Dr. Gras; Göttingen; 
unpublished). This non linear correction of brightness loss in focus series 
obtained by confocal microscopy is justified for objects which can be expected 
to contain a rather homogeneous distribution of fluorophores at least on a 
coarse structural level. 
5- A further Image Tool script (Dr. Gras) was used to combine the intensity-
corrected stacks as red and green channels to finally create a 24 bit RGB 
colour image stack with the blue channel set to Ø. 
 
Pictures were arranged and labelled using Adobe Indesign 2.0.1 program. 
Some plates were printed using an EPSON stylus photo ex printer. 
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2.8. Procedures for quantitative study 
 
2.8.1. Difference in the fibre profiles 
 
To differentiate between the fibre profiles of different KC classes, special 
scripts (Dr. Gras, Göttingen) within the program environment of UTHSCSA Image 
Tool 2.0 were used and the following steps were performed: 
 
1- Electron micrographs (10000x) showing cross sectioned axons at different area 
from the outer layer to the central bundle of the stalk and alpha lobe were 
taken. 
2- Scanning of negatives was done using the scanner Epson perfection 2450 
photo (resolution: 1200 dpi). Images were processed with Adobe Photoshop 
7.0.1 program. 
3- The scanned image was analysed for the size of the cell membrane. 
4- The contrast was increased in a non-linear manner depending on the lowest 
and highest intensities within the n x n neighbourhood of every pixel (n = 31, 
51, 71). This means that regions of high contrast in the original image remain 
unmodified while regions of low contrast are subjected to an intensity stretch, 
the amount of which is selected by the program operator. 
5- To determine cell membrane shape and integrity, the original image as well as 
the contrast improved image were separately transformed to binary images 
(black/ white only) by threshold operation to separate membrane and plasma 
regions. Standard dilation and erosion operations served to close gaps and to 
smooth the borderlines of objects in the binary images. The pixels which made 
up the semi-automatically detected membranes were finally coloured in 
shades of red within the original image or within the contrast-enhanced image. 
At this stage of processing the image contains many disconnected cell 
membranes so that two or more fibre profiles appear as one object. 
6- The image was then manipulated using Corel Photopaint 8.0 program so that 
the gaps between disconnected cell membranes were filled by straight red 
lines. 
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7- The manually corrected colour image was transferred back to Image Tool, 
where another script was used to extract all pixels with a red intensity > Ø and 
to generate a binary image showing only those pixels while plasma area 
appears black. 
8- The Image Tool functions for object analysis were used to determine numbers 
and the areas of the sectioned fibre profiles. 
9- Measured surface areas were classified into different size groups using the 
classification command of Image Tool. A colour-coded figure representing the 
different groups of the cell surface areas was obtained. 
10- Mean and standard error of the mean of the areas were determined and 
plotted using Microcal Origin 6.0 program. 
 
2.8.2. Determination of tubules in fibre profiles 
 
The analysis is based on the same electron micrographs used in 2.8.1 to 
study the difference in the fibre profiles in the stalk. 
1- & 2- were employed as in 2.8.1. 
3- Image Tool 2.0 program was used to improve the images by reducing the pixel 
noise with 3*3 median filter or mean filter (3*3, 5*5). 
4- Images were enlarged twice (for the better viewing of tubules) and printed. The 
numbers of tubules in every profile with defined section area (µm2) were 
counted. We excluded those profiles from counting, which did not fully occupy 
the square selected. 
5- Mean and standard error of tubules were counted and plotted using Microcal 
Origin 6.0 program. 
 
2.8.3. Counting of synapses and mitochondria 
 
To study the distribution difference of synapses and mitochondria in the MBs 
parts, the following steps were used. 
 
1- Electron micrographs (4000x) showing cross sectioned axons were taken at 
adjacent areas from the outer layer to the central bundle. 
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2- Electron micrographs for montages were taken at different MBs levels (e.g. 
medial of the calyx; beginning, medial and basis of the stalk; medial and basis 
of the alpha lobe and medial of the beta lobe, horizontal sections). 
3- Negatives scanned by Epson perfection 2450 photo (resolution: 1200 dpi) were 
processed with Adobe Photoshop 7.0.1 program. We analysed samples of 
micrographs (defined squares from montages of micrographs) for all regions 
of the MBs. 
4- UTHSCSA Image Tool 2.0 program was used to improve the images by 
reducing the pixel noise with 3*3 median filter or mean filter (3*3, 5*5 pixels). 
5- Images were enlarged twice and printed, then the number of synapses and 
mitochondria were counted. We did not count the synapses and mitochondria 
which were not completely inside the image squares (9µm2). 
6- Numbers of synapses and mitochondria were counted and plotted using 
Microcal Origin 6.0 program. 
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3. Results 
 
The investigation was focussed on structural features of growing neurones in 
the MBs of adult brains. These neurones emerge from ganglion mother cells 
displaying mitotic activity, directed fibre outgrowth, and they are considered to 
become structurally integrated into a mature functional network of synapsing 
elements of diverse classes of neurones. These neuron classes fall into two main 
categories: local interneurones of KC types and extrinsic relay interneurones 
(synonym proction neurones). All neuron classes show a specific distribution in the 
MB compartments. The only newly added, sprouting neurones in the imaginal cricket 
brain are local MB KCs. 
 
By use of different markers for molecules involved in growth and in the 
establishment of synapses, the growing KCs are compared to more mature or fully 
developed MB neurones, using immuno-light microscopy, fluorescence microscopy 
and TEM. For understanding the sophisticated MB architecture, a short description of 
this protocerebral neuropil is given first. New findings of this study on the structure of 
MBs, complementing former investigations are also reported in this section. 
 
3.1. The structure of the MBs: compartments, cell types, 
synaptic connectivity 
 
The paired MBs of the cricket represent a dense neuropil in the protocerebral 
brain. This central neuropil with obvious geometrically ordered components is made 
up of extrinsic relay neurones and intrinsic local neurones (KCs). The extrinsic 
neurones connect the MBs with other brain neuropils and with MB compartments 
(Schürmann, 1973; Honegger and Schürmann, 1975; Schildberger, 1983; Strausfeld 
et al., 1998). The KCs are tiny Y-shaped local interneurones with small pericarya (so 
called globule cells) in the peripheral cortex (pericaryal layer) of the MBs, with their 
fibres restricted to this neuropil. The parallel arrangement of thousands of KC fibres 
mainly determines the form of the MBs. The neuropil of the MBs is composed of four 
major compartments, from proximal to distal regions of the KCs: bipartite calyces 
(calyx anterior and posterior), a columnar stalk, and the columnar α- and β-lobes. In 
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the genus Acheta and Gryllus three major KC types (KC I, II, III) are distinguished 
according to their dendritic form, size and position of somata and axon bundles 
(Schürmann, 1973). For the MBs of Gryllus bimaculatus the following length of the 
columnar neuropil compartments, determined by the KC fibre bundles, were 
measured: stalk 190 m, alpha lobe 110 m, beta lobe 40 m. 
 
KC I and II somata form a frontal cup-shaped pericaryal layer, anterior to the 
somata layer of KCIII neurones. The KC I and II fibres are restricted to the anterior 
calyx, whereas KCIII elements form the posterior calyx. The KC axonal fibres form 
compact bundles traversing the calyces and stalk to end in the alpha- and beta lobes 
(Fig. 1) (Schürmann et al., 2000). The KCs in crickets thus represent non- 
isomorphous subpopulations of local intrinsic neurones, not only to be discerned by 
Golgi impregnations, but also characterized by expression factors revealed by 
genetic studies (Yang et al., 1995; Crittenden et al., 1998; Sinakevitch et al., 2001). 
                                 
Fig. 1: Diagram of MBs (horizontal view, after Schürmann et al., 2000) in the house 
cricket brain, with Kenyon cell types I-III (left) as determined from Golgi–
impregnations. Their somata are clustered into three groups and their axons, 
arranged in parallel, form discrete fibre bundles (right). 
 
The calyces are the regions of KC dendrites. KCI and II dendrites are 
restricted to the anterior calyx. The dendrites radiate from the central mass of axonal 
fibres arranged in parallel, to form dendritic spines synapsing with extrinsic neurones 
in a marginal shell-like zone. The most prominent extrinsic neurones are iACT 
cholinergic projection neurones, forming idendeted boutons. These boutons are 
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consistently presynaptic and coupled to the KC dendrites in a divergent mode 
(Frambach et al., 2004). 
 
The KC III dendrites in the bulbous posterior calyx (also named accessory 
calyx, Weiss, 1981) receive extrinsic fibre input from other tracts as well, supplying 
the posterior calyx with patterns of presynaptic boutons as well. The analysis of 
synaptic wiring of KC III elements is not within the scope of this study. The calyces 
are considered to represent the main regions where KCs receive synaptic inputs of 
various sensory signals by extrinsic neurones. Other extrinsic elements project from 
other parts of the brain into the calyces. They have been detected by single cell 
iontophoresis and electrophysiology (Schildberger, 1983; 1984; Schürmann, 1987), 
by Golgi impregnations (Schürmann, 1973; 1974), and by transmitter 
immunocytochemistry (Schürmann, 1987; Frambach et al., 2004). Cholinergic and 
other extrinsic cell types represent a minority of neurones in comparison to intrinsic 
KCs. 
 
GABAergic arborizations with tiny boutons (2-4 µm) in the anterior and 
posterior calyces form basket-like networks surrounding the large cholinergic boutons 
(Fig. 12A). These GABA elements are interpreted to synapse with KC dendrites. In 
addition blebbed fibres in the anterior calyx core region are arranged along the 
radially projecting KC dendrite fibre bundles, corresponding to hot spots of synapsin-
like immunocytochemistry (Fig. 8A). These new findings of this study suggest a 
synaptic coupling of GABA elements to KC fibres distant from their dendritic tips as 
well. The dense network of GABA fibres is similarly organized in the anterior and 
posterior calyx. 
 
Serotonergic fibres in the MB form a network in all its compartments, but not 
as dense as GABA elements. In the anterior calyx, 5-HT fibres appear to be confined 
to the outer parts of the synaptic glomerular layer (marginal calyx portions; Fig. 13A). 
The serotonergic fibres show tiny boutons, as stated for GABA-elements. A 
presynaptic nature is also suggested, but remains to be demonstrated by immuno-
electron microscopy. 
Results 
 
___________________________________________________________________________ 
- 22 - 
MB stalks, α– and β–lobes are considered to represent main output regions, 
though electron microscopy revealed input synapses in the lobes and other modes of 
synaptic coupling as well (Schürmann, 1972; 1973). In the stalks and lobes, KC 
axons usually have only short side branches or blebs, to form presynaptic contacts 
with extrinsic neurones which project to various areas in the superior and inferior 
protocerebrum (Schürmann, 1973; 1974; Schildberger, 1983; Frambach et al., 2004). 
 
The view of the calyces as main input stations and the distant stalk and lobes 
as main sites of output and other forms of synaptic coupling (Schürmann, 1987) is 
generally adapted to the MBs of other insect species. The connectivity of most 
extrinsic neurones outside the MBs is mostly unknown and cannot be simply derived 
from light microscopy (Yasuyama et al., 2003). 
 
3.2. Sprouting KCs in the MBs 
 
The source and site of the newly added KCs and their sprouting fibres in 
mature brains had to be discriminated from structurally developed neurones at the 
light and electron microscopic level in all MB compartments: the pericaryal layer, the 
calyx, stalk and alpha- and beta-lobes. At the light microscopical level, the 
demonstration of newly formed cells was achieved by marking mitotic events, and by 
employing f-actin-phalloidin staining, performed on single or double stained 
vibratome sections of complete section series. 
 
3.2.1. F-actin in MBs 
 
Differences in phalloidin staining intensity and distribution reflect neuron type 
specific equipment with actin. In the MBs and in surrounding neuropils f-actin is 
typically found at synaptic complexes, e.g. in antennal lobe glomeruli, in MB calycal 
microglomeruli and in fibre groups of KCs, related to the developmental state and 
age (Fig. 2C). In Gryllus bimaculatus, the three populations of KCs could be clearly 
discriminated by their f-actin staining with phalloidin. Type KC I neurones represent 
the youngest cells. Fibre bundles of these neurones showed the most intense 
phalloidin staining. Type KC II fibres surrounding the central bundle of growing KC I 
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fibres show a faint phalloidin staining. Type KC III neurones representing the oldest 
KCs display a high phalloidin staining in dendritic tips and lack phalloidin staining in 
fibres free of synaptic connectivity (Figs. 2E, F). 
 
The forming of new neurones in mature brains is only stated for KCs 
throughout the cricket’s life (compare Cayre et al., 1994; 1996), and there in the MB 
portion with KC I and II elements with dendrites in the anterior calyx receiving input 
from the antennal lobe via the iACT tract of projection neurones. The antennal lobes 
are primary brain neuropils, crucially involved in the integration of olfactory 
information. 
 
3.2.2. Pericaryal layer 
 
To discriminate the proliferative cluster in the MB cortex we used the anti-
phospho histone H3 mitosis marker. In Figure (2D), the positive staining of the 
central core of the MB pericaryal cortex indicated a conic cluster of about 100 
growing KC somata, stemming from persisting neuroblasts present throughout adult 
life, located in the centre of the anterior MB pericaryal cortex. The marginal cluster of 
stained mitotic large somata of ovoid shape is encapsulated by a shell of small 
weakly stained KC somata. The immunostaining marks the large nucleoli. The mitotic 
somata and surrounding older KC somata are depicted by osmic acid and toluidine 
blue staining in semithin sections as well (Figs. 2A, B). 
 
Mitotic and older surrounding KCs are intensely marked by fluorescent 
phalloidin, outstanding against neighbouring KC somata. The young growing somata 
give rise to a compact stained fibre bundle, descending into the central anterior calyx. 
Older KC somata groups form small f-actin fibre bundles, descending to the calycal 
fibre column too, in the circumference of the central core of the sprouting fibre bundle 
(Fig. 3A). The position of these fibre bundles of KC II elements is considered to 
reflect their age: distal fibre bundles are interpreted to represent most ancient KCII 
neurones, whereas KC fibres are younger in proximity to the central core KCI fibre 
bundle. 
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The structural image of sprouting KCs during adulthood, forming the massive 
central bundle with f-actin is similarly encountered in last instar larvae (Figs. 3B,C). 
These larval KCs in the cricket MBs persist through metamorphosis of these 
hemimetabolous insects.  
 
3.2.3. Calyx 
 
As described, the group of proliferating neuroblasts gives birth to new KC 
interneurones which progressively differentiate and migrate to the periphery of the 
pericaryal cortices. The fibres grow to produce their calyx neuropil contribution.  
 
The central core fibre bundle (type KC I) traverses the calyx and continuously 
forms the central core of the stalk. Weakly stained type II cells surround the central 
core fibres, together forming a compact axial cylinder throughout the entire anterior 
calyx. The calycal fibre column also holds small scattered dots of intense phalloidin 
fluorescence in areas occupied by KCII fibres. These dots could not be allocated to 
extrinsic or intrinsic fibres by laser scan microscopy. 
 
The f-actin rich central fibre bundle forms dendritic projections that grow 
radially to the marginal synaptic layer of the anterior calyx (Figs. 3D, E). They appear 
as radial strands emerging from and along the central core of the KC I fibre bundle, 
crossing the more mature KCII fibre bundles and directed versus the marginal zone 
of complex synaptic glomeruli. These synaptic structures are strongly f-actin positive. 
The f-actin-phalloidin fluorescence is accumulated in the dendritic tips of mature type 
KC II neurones. The neuropil surrounding the MBs displays also high phalloidin 
staining at synapses, but almost lacking in tracts (Fig. 3D). Glomeruli in the posterior 
calyx are also endowed with high amounts of f-actin (Fig. 3E). 
 
When entering the anterior calyx the KCI fibre bundle is surrounded by a non 
stained area (Figs. 2E, F). This space appears to be devoid of cellular material in 
vibratome sections with fluorescent staining in cells, but filled with electron dense 
material in tissue prepared for electron microscopy (Figs. 22A, 23A). This 
extracellular space is large at the border of the calyx cortex to the neuropil and its 
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extension is diminished to small finger-like protrusions at deeper distal levels of the 
calyx fibre column (compare electron microscopic findings, section 3.6.2). 
 
3.2.4. Stalk 
 
The descending fibres from the proliferating KCI cluster extend through the 
calyx to the stalk, to form the central part of the MB stalk column (Fig. 3F-I). The 
central core occupying about a tenth of the stalk volume contains about 800 fibres 
(Fig. 3G), counted in electron microscopy images of stalk cross sections. 
 
The distribution of KC fibre bundles is maintained along the stalk, so that 
arrays of KC axons of the different types can be easily detected. The strongly stained 
central core cylinder of KC I fibres is surrounded by a neuropil of lower spotted f-
actin-phalloidin staining, found along the stalk (Figs. 4A-C). It corresponds to the 
distribution of KC II fibres of different ages. F-actin-phalloidin spots appear partially 
aligned along the stalk (Fig. 3I). Interestingly, the neuropil adjacent to the proliferating 
KC I central core is only weakly stained (Figs. 4A-C). This portion is occupied by KC 
fibres of small diameters (compare section 3.6.4). The marginal KC III fibres show no 
f-actin staining, with the exception of the stalk base, where the KC fibres bifurcate 
into the – and -lobe. The differential pattern of f-actin distribution corresponds to 
the staining revealed in osmicated semithin sections (Figs. 3F, G). 
 
3.2.5. Lobes 
 
At the distal stalk divide the KC axons project into the α- and β- lobes. The KC 
axons maintain their overall arrangement into gross fibre bundles along the lobes. 
Centrally located stained type KC I fibres hold a central position in the α–lobe and 
are shifted to a lateral position in the β–lobe (Figs. 4D, E; 5B-D). In cross sections the 
KC I fibre bundle occupies an area of about 6 µm with irregular outlines, apparently 
more voluminous than in the stalk (Figs. 4H, I). The overall phalloidin-staining 
intensity of KC II fibres appears higher in comparison to corresponding stalk portions. 
High resolution confocal imaging reveals a network-like f-actin staining. The staining 
could not be allocated to extrinsic neurones or intrinsic KC elements. The staining is 
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interpreted to mark synaptic sites (see section 3.4.1.2). The distribution of f-actin 
staining corresponds to the staining differences observed in toluidine blue stained, 
osmicated sections (Figs. 4F, G; 5A). 
 
3.3. Tubulin in the MBs 
 
Microtubules are constituting elements in neuronal somata and their axonal 
fibres. Their formation is closely associated with dynamic events, such as axonal 
flow, cell motility, occurring in processes of growth and differentiation of neurones. 
Therefore, the distribution of tubulin molecules in developing and mature KCs was 
investigated and compared with f-actin distribution, using single or double labelling of 
vibratome sections (Figs. 6; 7). 
 
During differentiation of the neuron, distinct patterns of microtubules with 
polarized orientation are established within axons and dendrites (Sharp et al., 1997). 
Tubulin-like immunoreactivity in the MBs of crickets is found in all parts of the MBs in 
intrinsic and extrinsic neurones (Figs. 6), but unevenly distributed in the neuropil, 
showing various degrees of staining intensity (Figs. 7). Tubulin is located 
codistributed with f-actin in perilemma cells. 
 
3.3.1. Pericaryal layer 
 
Tubulin-like immunoreactivity is found concentrated in KC fibre bundles in the 
pericaryal layer (Figs. 6C-E). Interestingly, in the pericaryal layer, the portion of 
mitotic, newly emerging KC I neurones - showing intense phalloidin labelling – 
appear to be devoid of tubulin-like immunoreactivity. Tubulin occurs, however, in 
marginal fibre strands of the KC I neurones entouring a tubulin free area (Fig. 6F). 
 
3.3.2. Calyx 
 
In the calyces, tubule-like immunoreactivity is mainly detected in KC fibres 
(Fig. 7A), and within intruding extrinsic neuronal fibres. The f-actin rich central core 
fibres of KC I neurones are mainly lacking in tubulin marking. Synaptic complexes of 
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the anterior calyx margin (microglomerular layer) holding numerous dendritic KC 
endings do not show considerable amounts of tubulin, but accumulated f-actin (Fig. 
7B). 
 
3.3.3. Stalk 
 
The most intense tubulin-like immunoreactivity in the stalk is found in type KC 
III fibres, whereas type KC I and II fibre bundles display low tubulin marking (Figs. 
7C, D). The tubulin-like immunoreactivity of type KC I fibres is concentrated at the 
boundary of the central core. The distribution of tubulin, forming microtubules and of 
f-actin in KCs fibres is considered by electron microscopy also (see section 3.6.4). 
Large fibres surrounding the stalk and the lobes appear strongly tubulin positive 
(Figs. 7D-F). 
 
3.3.4. Lobes 
 
In the alpha and beta lobe, tubulin labelling is found scattered in between 
areas with f-actin staining (Figs. 7E, F). The bundle of sprouting KC I fibres shows 
only weakly stained spots of tubulin marking, but is surrounded by a shell of fibres 
with distinct tubulin labelling, detected in cross sections. Tubulin staining can also be 
attributed to invading extrinsic fibres (Figs. 7E, F). A scattered labelling is seen in the 
KC II fibre areas, often in close association with f-actin containing spots (Fig. 7E), 
which might indicate synaptic coupling (compare section 3.4.1.2). 
 
3.4. Synaptic areas related to MB compartments and 
neurones 
Integration of mature and developing KCs into the MB neuronal networks, 
formed by intrinsic and extrinsic neurones, is reflected by the occurrence and 
distribution and form of synaptic contacts. Synaptic contacts of KCs and extrinsic 
neurones are investigated, the latter serving for information input and output of MBs 
and MB compartments. Immuno-light microscopy of the protein synapsin I allows the 
rough description of presynaptic sites, and by double labelling experiments the 
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determination of synaptic foci within neurones characterized by transmitter 
immunocytochemistry can be achieved. 
 
The present light microscopical findings provide a qualitative survey of putative 
synaptic sites in MB compartments marked by synapsin-like immunoreactivity. 
Special interest was directed to the sprouting KC I fibre bundles. 
To gain some insight into the distribution and synaptic connectivity of extrinsic 
neurones, GABAergic and serotonergic fibres, known to occur in the MB neuropil 
(Schürmann, 1987; Strambi et al., 1998; Frambach et al., 2004) were investigated by 
transmitter immunocytochemistry. GABA and GABAergic neurones belong to the 
most abundant transmitters and nerve cells in the insect brain, as prominent as 
cholinergic elements. Cholinergic projection neurones (PNs) in the cricket MBs are 
restricted to the calyx microglomeruli, not found in other MB compartments 
(Frambach and Schürmann, 2004). The clear-cut evidence of a structural chemical 
synapse can only be demonstrated by electron microscopy. The allocation of 
synapses to MB compartments and especially to KC I neuropil is given in section 
3.6.4 (Figs. 32). 
 
3.4.1. Synapsin distribution  
 
3.4.1.1. Calyces 
 
Prominent synapsin-like immunoreactivity is clearly identified in the anterior 
and posterior calyx (Fig. 8A), partially at levels found in MB surrounding neuropil. In 
the anterior calyx, the marginal microglomerular area with antennal lobe connecting 
PNs is intensely labelled (Fig. 8A). PN boutons in the centre of the microglomeruli 
are presynaptic (Frambach et al., 2004). At the inner rim of the PN input area, 
synapsin labelled spots are not as densely distributed as in more centrifugal parts 
(Figs. 8B, C). In the inner fibre column of KC I and II fibres tiny spots of synapsin are 
scattered, often appearing aligned to radial f-actin-phalloidin stained fibre strands, 
interpreted to represent dendritic KC fibres, stemming from the central core bundle 
(Figs. 8B, C). These tiny spots, often at the limit of light microscopical resolution, do 
not show a ring-like surrounding of f-actin staining, typically seen in the calycal 
periphery (Fig. 8D). The tiny synapsin spots appear at the distal border of the central 
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core of KC I fibres. This area with high f-actin contents appears to be free of synapsin 
and therefore no synapses are expected in this zone. The occurrence of synapsin 
correlated with synaptic vesicles was investigated by electron microscopy (Figs. 9; 
10A-C; 22E, F, see section 3.6.2). The confocal microscopy does not allow us to 
decide on a presynaptic nature of extrinsic or intrinsic neurones. 
 
3.4.1.2. Stalk and lobes 
Stalks and lobes are clearly depicted by their synapsin contents (Fig. 11) and 
can be discerned from neuropil surrounding the MBs. High resolution confocal 
imaging shows synapsin spots of sizes found in the inner anterior calyces. They are 
confined to the portions of KC II fibre bundles along the stalk. Double labelling to 
demonstrate synapsin and f-actin (Figs. 11D, E) gives hints for the association of 
these molecules. The central core of KC I elements is devoid of synapsin (Fig. 11D). 
The peripheral KC III fibre bundles do not exhibit synapsin (Fig. 11D), apart from the 
base of the stalk. 
 
The columnar lobes with their divisions of parallel KC fibre bundles are filled 
with synapsin, showing different intensity of labelling from proximal to distal portions 
of the lobes (Figs. 11F, G). No patterning of synapsin filled elements could so far be 
resolved in detail by this approach or be related to previous investigations on 
synaptic distribution. The stalk and lobes appear packed with synaptic vesicles (Figs. 
10D-F see below and Schürmann, 1987). 
 
3.4.2. Extrinsic MB GABA-fibres 
 
GABA fibres labelled by immunocytochemistry were investigated in order to 
compare their distribution in the MB compartments with KC fibre bundles. The 
relation of GABA fibres to f-actin-phalloidin stained structures was of special interest. 
All compartments of the MB neuropil are supplied with GABA fibres displaying fine 
arborizations and forming networks of different densities (Figs. 12), to be stated for 
other neuropils outside of the MBs too. 
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3.4.2.1. Calyces 
 
Both the anterior and posterior calyx contain a dense meshwork of tiny GABA 
fibres, detected as elements contributing the microglomeruli. In horizontal sections of 
the anterior calyx, radial fibres traversing the KC II fibre bundles extend into the 
peripheral synaptic layer of microglomeruli. Central core KC I parts appear free of 
GABA-like immunoreactivity. Evidently, no synaptic contacts of GABA fibres occur in 
the central core of sprouting KC fibres. This observation is consistent with the 
findings on synapsin distribution. Tiny GABA fibres exhibit small blebs, which could 
indicate locations of “en passant synapses” (Figs. 12A-C, compare section 3.4.1.1). 
 
3.4.2.2. Stalk and lobes 
 
Along the stalk, comprising KC I-III fibre bundles, orderly arranged in parallel 
and in concentric layering, the GABA network is confined to the KC II fibre parts. 
Again the central core of KC I and the peripheral KC III fibre bundles are not invaded 
by GABA fibres. A KC II fibre portion shell adjacent to the central core holds only few 
GABA fibre terminations, not entering the central core (Figs. 12D, E), so that at its 
rim only scarce GABAergic synapses can be assumed. 
 
The lobe compartments have not been analysed in detail. The GABA network 
is highly complex, also showing various extents of GABA labelling. Some 
subdivisions appear free of or only scarcely supplied by GABA fibres, whereas other 
regions show thick arborizing immunoreactive fibres. A unifying feature of KC I fibre 
masses is the lack of GABAergic supply (Figs. 12F, G) and synapsin staining. 
 
3.4.3. Extrinsic 5-HT neurones 
 
Serotonergic (5-HT) neurones represent a minority of cells among cholinergic 
and GABAergic nerve cells of the insect brain. In the cricket Gryllus bimaculatus, a 
total of 60-80 5-HT neurones exist in the brain (Hörner, 1999). These neurones 
belong to the class of so-called wide field neurones supplying all brain neuropils 
including the MBs. Their functional roles in the MBs are unknown, but it is commonly 
agreed that they profoundly affect the exertion of behaviours. 
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3.4.3.1. Calyces 
 
The microglomerular parts of the anterior and posterior calyces are supplied 
by a network of 5-HT fibres (Fig. 13A), not as dense as the GABA-network. In the 
anterior calyx, 5-HT fibres with small bouton-like specialisations are concentrated in 
the outer regions of the glomerular layer (Fig. 13B). They occupy marginal parts of a 
microglomerus, in the vicinity of the strong f-actin-phalloidin stained portions (Figs. 
13C, D) which contain KC II dendrites around a central PN-bouton (Frambach et al., 
2004). These 5-HT boutons are expected to be synaptically coupled to the marginal 
microglomeruli. The column-like fibre bundles of KC II and KC I fibres in the inner 
parts of the calyx lack 5-HT fibre networks, different from the GABA fibre distribution. 
 
3.4.3.2. Stalk and lobes 
 
A 5-HT network not as dense as the GABA network is found in the outer parts 
of the stalk invading the KC II fibres (Fig. 13E) along the stalk column. Large areas of 
KC I and II fibres are devoid of 5-HT immunoreactivity, also lacking in the marginal 
KC III fibre subcompartments (Figs. 13E, F). 
 
As stated for the stalk large parts of the lobes do not contain 5-HT fibres (Figs. 
14A-D). Especially the compact KC I fibre bundle and adjacent KC II fibres lack 
supply with 5-HT immunostained elements and are therefore not synaptically coupled 
to these extrinsic aminergic fibres. The tiny 5-HT fibres are of the varicose fibre type, 
displaying slight swellings lined up along a fibre (Fig. 14E). 5-HT fibres do not show 
intimate contact to f-actin-phalloidin spots (Figs. 14B, D, F). 
 
From the distribution of 5-HT fibres in the MBs it is suggested that these 
serotonergic fibres are concentrated in neuropil portions holding mature KCII fibres, 
older than more centrally positioned KC fibres, including sprouting fibres. 
 
3.5. Glial cells in the MBs 
 
To investigate glial distribution and its potential contribution to the newly 
growing cells within the MBs of the adult cricket, double labelling with propidium 
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iodide and fluorescent phalloidin was used. Propidium iodide labels nucleic acids in 
neurones and glial cells (Hähnlein and Bicker, 1997; Rössler et al.1999b; Devaud et 
al., 2003). Propidium iodide marks perilemma cells and the pericaryal cortex of the 
MBs (Fig. 15A). However in this MB compartment, glial cells could not be 
discriminated safely from KC somata. They were identified in the neuropil, lacking 
neuronal somata. Glial cells with elongated or ovoid somata form flattened 
cytoplasmic sheaths surrounding and partially separating neuropil compartments, as 
found for the calyx, stalk and lobes (Figs. 15B-E, 16). The cytoplasmic sheaths are 
visualized by confocal microscopy, forming tiny strands of propidium iodide 
fluorescence found to be discontinuous in stacks of optical sections. There is no 
indication of massive glial patterns inside the MB neuropil, consisting of numerous 
tiny naked neuronal fibres. No specific colocalization of f-actin-phalloidin staining and 
glial elements in the MB neuropil was detected. Some glial cells with protrusions exist 
in the KC I and other fibre bundles do occur (Figs. 15D; 16B). No network-like glial 
pattern, subserving as guide lines for sprouting neurones can be deduced from the 
light microscopical studies. The findings correspond to the observations obtained 
from electron microscopy (Figs. 17, compare section 3.6). 
 
3.6. Ultrastructure of MBs 
 
Ultrastructural studies were performed in order to describe proliferating KC 
neurones and to investigate and to compare their fine structure with surrounding 
older KCII elements and with glial cells. Special attention has been devoted to the 
expression and distribution of some cell organelles (ribosomes, tubules, and 
mitochondria), membrane specializations and extracellular space. In brief, light 
microscopical findings could thus be complemented and comparatively evaluated. 
 
The electron microscopical studies are based on conventional TEM. Immuno-
electron microscopy and other approaches to visualize molecules at the 
ultrastructural level were not employed here. In a previous study (Frambach et al., 
2004), attempts to demonstrate f-actin bundles in KC dendritic tips failed. Immuno-
electron microscopy of synapsin I that boutons with synaptic vesicles and presynaptic 
active zones are completely filled with electron dense precipitate marking the 
distribution of this presynaptic protein (Frambach et al., 2004). Therefore, the light 
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microscopy of synapsin immunoreactivity can be safely taken to show local sites of 
presynaptic character. Immuno-electron microscopy of the transmitters in GABA and 
5-HT fibres was also not performed. 
 
Fortunately, the parallel KC fibres are gathered into compact bundles, so that 
their areas could be traced throughout the MBs, from the pericaryal rind to the lobe 
endings. Moreover, sprouting KC I elements are marked by enhanced electron 
density after osmication. Therefore, KC fibres can be viewed in serial brain sections 
by light and electron microscopy. For electron microscopy samples were selected 
from a complete series of semithin sections at different levels of the MBs. Large 
montages of electron microscopy images made it possible to collect comprehensive 
information on KC fibres and their contents. 
 
3.6.1. Pericaryal cortex 
 
The mitotic and sprouting KC I cluster exhibits high electron density, to be 
clearly separated from surrounding older KC somata (Figs. 18). The cellular 
equipment does not differ qualitatively from more mature pericarya. Shape 
differences are obvious. The electron dense KCs are mainly not separated by glial 
cytoplasm, which typically encapsulates older KC somata (Figs. 19) and KC fibre 
bundles. Glial finger-like protrusions are encountered in the KC I area, but no pattern 
of glial elements within this somata cluster and fibre bundle is present. In the 
pericaryal rind and its fibre bundles no large extracellular spaces occur, but in a 
compact area of irregularly shaped fibres, forming interdigitating extensions of 
sprouting KC I elements, entoured by the electron dense KC I somata, small areas of 
glial protrusions are found. These KC I fibres form growth cone-like structures with 
tiny filopodia (Figs. 20A, B). These KC I extensions contain ribosomes, microtubules 
and mitochondria. Actin fibres could not be detected. In the KC I cone-like area, the 
cell membranes of directly neighbouring somata and fibres display in parts enhanced 
electron density at their outer, extracellular side (Figs. 20C, D). These specialized 
membranes with electron dense covering are of variable length (up to 5 µm) form a 
sort of spacing junction (about 25 nm), with a small translucent extracellular midline. 
Such junctions have not been found between more mature KC somata and fibre 
bundles. Fibres bundles of older KCs appear free of ribosomes (Fig. 19B). Synaptic 
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vesicles were not found in KC I divisions. Very rarely, synaptic-like membrane 
specializations were detected in the somatic layer of KCs II between fibres not 
identified (Figs. 20C, D), indicating putative functional coupling. 
 
In deeper layers of the MB pericaryal rind dark KC I somata are no longer 
present, but a central column of KC I fibres is traced on its way to the calyx. The 
central area contains irregularly shaped fibre profiles, representing growth cone-like 
structures (Fig. 21A). These fibres are encircled by tiny less electron dense fibre 
profiles of older KCs. This column is surrounded by a dark discontinuous glial sheath, 
separating it from KC II somata (Fig. 21A). Small glial interdigitations, only resolved 
by electron microscopy, extend from the glial shell into the KC I bundle. These glial 
elements are partially associated with widened extracellular space, filled with electron 
dense material of unknown origin and composition. These electron dense areas are 
in direct contact to small KC I fibre protrusions (Figs. 21B, C), without adjacent glia. 
These extracellular spaces are seen as belonging to a vast extracellular system at 
the cortex-calyx rim, prominent in the proximal central anterior calyx (Fig. 21B). The 
extracellular system is not found in the posterior calyx and in the cortex of KC III 
neurones. 
 
3.6.2. Calyx 
 
The electron dense fibre bundle (Figs. 22A, B) of central core KC I axons 
holds profiles with finger-like extensions as found in the somatic cortex, still 
containing ribosomes partly attached to endoplasmic reticulum (Figs. 22C, D). The 
sprouting KC I fibres find direct contact to extracellular spaces (Figs. 23; 24). The 
forming of dendritic fibre bundles of radially sprouting KC I axons indicated by light 
microscopical findings could not be determined in sufficient detail. They seem to join 
small bundles of mature KC II dendrites. A transient nature of the KC I fibres could 
not be established. 
The prominent extracellular space is centrally traversed by the central f-actin 
rich and electron dense KC I fibre bundles (Figs. 24A; 25A, B). This extracellular 
space is becomes smaller at distal parts of KC fibres which descend into the stalk. 
The extracellular spaces are partially in contact to glial cytoplasmic invasions (Figs. 
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25C-E). No signs of cytophagic activities were usually detected (compare section 3.7 
on degeneration). No synapses were detected in the KC I and central core region. 
 
3.6.3. Stalk and lobes 
 
The electron dense core region of KC fibres is traced along the stalk, 
surrounded by a set of tiny fibre profiles, distally concentrically positioned KC II fibre 
bundles (Figs. 26A-C). The central core of KC fibres contains the large growth cone-
like fibre profiles found in the calyces and the KC cortex. These KC fibre elements no 
longer contain ribosomes. No synaptic vesicles or synaptic contacts were detected. 
Profiles of extracellular space surrounded by KC fibres best seen in cross sections of 
the stalk (Figs. 26C, D). The tiny fibres around the electron dense area of KC profiles 
are scarcely equipped with mitochondria. Synaptic contacts and extrinsic fibres are 
occasionally found. They are both regularly found in surrounding KC II fibre masses, 
but missing in the outer layers of KC III fibre bundles (Figs. 26E, F). These 
ultrastructural findings correspond to the results obtained from synapsin – immuno-
light microscopy (see section 3.4.1.2). Also four electron microscopic serial sections 
were used to study the sequential generation of the central core fibres of the stalk 
(Figs. 27). 
 
The KC I and II fibre bundle positions in the stalk are maintained in the -lobe. 
The KC central core is free of synapses and neuronal ribosomes, but still holds 
growth cone-like enlarged fibre profiles (Figs. 28; 29A). KC II fibres form blebs with 
synaptic contacts and appear to be packed with vesicles along the axons. KC II fibres 
often synaptically converge to intruding extrinsic fibres (Fig. 29B). Axonal membrane 
coupling by spacing junctions found in the pericaryal layer and in the calyx were not 
observed in the stalk and lobes. 
 
In the ß-Lobe, fibre bundles of KC I-III axons remain in their subdivisions, but 
their positions are transformed (Fig. 29C-E). The ultrastructural equipment is very 
similar to the -lobe situation. 
 
In the stalk and lobes, no patterning of glial elements was detected. The KC I 
fibre bundle is not supplied with extensive glial material (compare section 3.5). 
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3.6.4. KC fibre classes: profiles associated with organelles and 
synaptic sites 
 
As demonstrated by light microscopy (sections 3.2, 3.6) and by systematic 
qualitative inspection of the ultrastructure, insight was gained into sites of dynamic 
processes of growing KC neurones and their relation to established network parts 
within the MB compartments. The results were mainly obtained from samples of thin 
sections taken at intervals of 3.5 µm in between a complete series of horizontal 
semithin sections. Using this procedure, complete MB areas ranging from central 
parts to the MB borders could be viewed in large thin sections on slot grids. This 
section plane delivers cross sections of the compact columnar KC fibre bundles 
arranged in parallel and of similarly orientated extrinsic fibres. Therefore, intrinsic and 
extrinsic elements could not be discriminated from each other when they exhibit the 
same diameters and internal equipment. However, extrinsic fibres in the calyx, stalk 
and lobes are mainly not organized in columns in parallel to KC fibres, but invade the 
columns at different levels by transverse arborizations, to synaptically contact KC 
fibres (Schürmann, 1974; Frambach et al., 2004). 
 
A main initial finding was that the innermost central core parts of the KC fibre 
bundle fortunately could be identified by their enhanced electron density and be 
discriminated from surrounding older, more mature KC fibres, representing different 
stages of age signalled by structural characters. However, the outlines of the central 
core do not form a proper circular ring, but appear fuzzy and not identical at different 
levels of the stalk and lobe columns. Moreover, the electron density is not equal in all 
central core parts, but often gradually decreasing towards centrifugal portions. By the 
method used it was also not possible to recognize or trace the small portion of 
growing dendrites of newly added KC neurones intermingled with abundant KC II 
dendrites in the anterior MB calyx. 
 
Attempts to determine structural differences between KC fibres of different age 
in mature brains by measuring transversely cut fibre profiles and by counting of 
organelles had to be restricted to some samples of thin sections taken at different MB 
levels. Only parts of a cross section through an MB column covering areas along a 
line from the central core to the column rim were analysed (Figs. 30A-D; 31A-D). 
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Shapes and dimensions of fibre profiles were only determined for the stalk and 
α-lobe showing a similar organization of KC I and II fibres at all levels of their 
columns (Figs. 30E; 31E). The central cores of the stalk and α–lobe show a small 
portion of irregularly shaped large profiles, sometimes forming tiny protrusions. 
These elements are interpreted as growth cone-like structures, forming filopodia. The 
central core area of the stalk contains the KC fibre profiles with smallest areas (about 
0.019 µm2, corresponding to small diameter fibres, dimension about 0.01 µm). In the 
centrifugal direction the fibre profile areas become gradually larger, up to a 
dimension of 0.052 µm2. These fibre profiles are mainly from KCII neurones (Fig. 
30B). The set of KC III fibre profiles is clearly set apart by their large dimensions (0.2 
µm2) from the peripheral adjacent KC II fibres. Counting of cross sectioned tubules 
per fibre profile in the same squares used for fibre dimension measurements 
revealed that the number of tubules is correlated to the size of fibre profiles (Fig. 
30F). Interestingly, the central core region shows a relatively high amount of tubules 
per fibre profile. 
In the α–lobe (Fig. 31B) the innermost profiles of the central core are seen 
with similar shapes and dimensions as stated for the stalk, intermingled and 
surrounded by a homogenous population of tiny fibres (dimension 0.1 µm2, diameters 
around 0.042 µm). Some small fibres show tiny filopodia-like fingers. The outer 
portions of the α-lobe contain KC II fibres with enlarged dimensions, because here 
the KC fibres form abundant presynaptic blebs filled with synaptic vesicles along the 
lobes. Synapsing blebs were not found in the central core area. This enlargement of 
KC fibres and the abundance of extrinsic invading elements make α- and ß-lobes 
more voluminous in comparison to the stalk. KC III fibre profiles were not analysed. 
 
Numbers of mitochondria and synapses were determined for the MB calyx, 
stalk and lobes from adjacent squares aligned from the central core to the MB 
margin. The association of mitochondria and synapses to intrinsic KC or extrinsic 
elements was not discriminated. Synaptic sites were detected from their electron 
dense membrane appositions. Synapses were not detected in central core regions as 
interpreted from immuno-light microscopy of synasin, but not allowing a precise 
statement because the tiny single synaptic foci are beyond the limit of confocal 
imaging. 
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In the calyx the central core region is free of synapses. Synapse numbers 
increase towards centrifugal neuropil parts, and a peak is found in the region of the 
peripheral microglomerular layer (Fig. 32A). In the stalk, the number of synapses 
increases at first with distance from the central core, in the areas occupied by KC II 
fibres (Fig. 32C). In the lobes, the most peripheral areas show less synapses (Figs. 
32E, F). This phenomenon is due to a high contribution of large invading extrinsic 
fibres without synapses to the squares selected for counting. The extrinsic fibres 
arborize to tiny higher order fibres, often perpendicularly orientated between KC 
fibres which they synaptically contact. The KC III fibre bundles in the stalk do not 
contain synapses, with the exception of the distal stalk base. 
 
The amount of mitochondria roughly parallels the situation observed for 
synapse numbers: together with an increase of synaptic specialisations, more 
mitochondria in the squares were encountered (Figs. 32A, B, D, F). A more detailed 
extended description is not presented because of the large amount of data and other 
limitations. A stereological analysis was beyond the aim of this study. 
 
In general the ultrastructural findings confirm, complement and extend results 
obtained and interpreted from light microscopical investigations. The process of 
maturing and aging of KC neurones added in imaginal life takes place in a centrifugal 
manner, starting in the central core region and progressing towards the peripheral 
neuropil areas of the MB columnar neuropils. Dynamic changes involve the shaping 
of fibres, the increase of their diameters and an enrichment with organelles (tubules, 
mitochondria) and synaptic contacts. The progress of growth and maturing seems to 
be a continuous process. No indication of stepwise changes could be derived from 
the ultrastructural studies. The central core region with electron dense fibre profiles of 
different shape and with small diameter fibres of variable electron densities, not 
displaying synaptic connectivity, are interpreted as neuronal elements not directly 
integrated into fully operating functional networks of KCs and extrinsic neurones. The 
central core region seen by electron microscopy corresponds to the f-actin rich area 
of extending KC fibres detected by fluorescence microscopy. 
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3.7. Degeneration in the MBs 
 
Continuous addition of newly formed KCs in larval and imaginal brains 
requires space in all compartments of the MBs, especially in the calyces were 
sprouting axons give rise to radially extending dendrites. This study provides some 
evidence for degeneration and loss of KCs in the pericaryal layer and in the MB 
neuropil. First qualitative observations have been gained from osmicated tissue of 
mature brains (one week old) prepared for electron microscopy. In osmicated tissue, 
pycnotic somata and fibres in the neuropil can be clearly discerned from intact cells 
by their enhanced electron density (Schürmann, 1987). The cursory findings 
presented from two of seven brains revealed degenerating KCs in between or 
clustered among intact somata. The degenerating cells in different transient states of 
degeneration occur intermingled or in rows in the population of KC II somata, often in 
peripheral parts occupied by the oldest KCs (Figs. 33A-C). The population of newly 
emerging KC somata display a similar electron density stated for the dying KCs, but 
are structurally intact (i.e. equipment and distribution of organelles). Degenerating 
KCs exhibit signs of autolysis, leading to a loss of membranes of organelles, finally 
ending with cell degradation. Degenerating somata were not found in the sprouting 
KC somata cluster. Events of degeneration were observed in the stalk KCI central 
core and small surrounding regions (Figs. 33D-G). Holes and decaying organelles 
point to a loss of neuronal fibres. 
 
Further systematic studies of brains of different ages are needed to determine 
the role of degenerative processes in the MBs, which may accompany the addition of 
new cells to deliver space by replacement of old neurones. 
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4. Discussion 
 
This study investigated structural characters of sprouting neurones in an adult 
functional brain of the insect Gryllus bimaculatus, in order to compare the newly 
added local neurones with older neurones of the same class of nerve cells. The 
continuously emerging cells are precursors of MB KC neurones, subjected to 
structural changes in the course of maturing. Dynamic processes in a large variety of 
neuron types generally take place in immature larval stages of insects. 
 
In crickets, belonging to the group of hemimetabolous insects, environment, 
habits of life and behavioural performances of larvae obviously require functional 
nervous networks similar to those employed in adult forms. This holds true in 
particular for olfactory and mechanosensory networks in the brain, comprising the 
prominent primary neuropil of the antennal lobes and the secondary neuropil of the 
massive MBs. These two brain compartments are crucially involved in information 
processing of antennal sensory input and belong to the most intensely studied brain 
areas (Cayre et al., 2002). In fact, the small larval brains of hemimetabolous insects 
in principal show the structural design of the antennal lobes and MBs found in the 
adult insects (Farris and Strausfeld, 2001; Malaterre et al., 2002). 
 
Mitotic events in brains of cricket larvae and also in adult brains increasing the 
amount of neurones have been documented for different insect groups (Cayre et al., 
1996). In a number of insect species, MB neuroblast proliferation is observed during 
postembryonic development (Panov, 1957; Nordlander and Edwards, 1970) but in 
most insect species it does not continue after preimaginal development (Ito and 
Hotta, 1992; Fahrbach et al., 1995; Malun, 1998; Farris et al., 1999; Ganeshina et al., 
2000). Persistent neurogenesis in MBs of adult insects has been described in 
Orthoptera and Coeloptera (Cayre et al., 1994; 1996; Gu et al., 1999), but can be 
missing in related forms. 
 
An important difference between larvae and imagines with persistent formation 
of neurones is seen in the fact that diverse neuron types are produced in larvae, 
Discussion 
 
___________________________________________________________________________ 
- 41 - 
whereas the addition of neuron types is reduced in adult brains. Therefore, the 
analysis of neuron development in larvae appears to be highly complex. In adult 
crickets, the addition of newly formed neurones stemming from persistent 
neuroblasts is restricted to one class of small neurones of simple design, the KCs of 
the MBs. The fixed position of only one cluster of these KCs within the MB space has 
facilitated investigation of structural features of the growing KCs. However, several 
limitations for a comprehensive investigation were encountered in the course of the 
study. Though the cricket MBs belong to the best investigated brain neuropils, their 
sophisticated design is far from understood. This is true for the MBs of all insect 
forms. 
 
Some structural characters expressed in newly emerging and growing KCs 
have been given previously (Cayre et al., 1996; Malaterre et al., 2002), but a detailed 
study based on a number of marker molecules has not yet been provided for MBs in 
brains of adult crickets or other insect forms. Namely electron microscopic studies of 
developing KCs in the neuropil have not been undertaken. Electron microscopy is the 
only reliable tool for directly visualising details of the formation and sizes of neurones, 
and of the distribution of organelles and synapses within the tiny meshwork of fibres 
in the insect central nervous system (see review Watson and Schürmann, 2002). 
 
The comparative discussion is therefore focussed firstly on some new findings 
on synaptic connectivity in the MBs and, secondly, more intensely on results 
concerning the newly added growing KCs in the central parts of the columnar MB 
neuropil. 
 
4.1. Synaptic connectivity in the MBs 
 
The present study relies on previous investigations on the layout and synaptic 
complexes of the MBs of the cricket and comparative studies, available for some 
representatives of other insect groups (Schürmann, 1987; Strausfeld et al., 1998), 
providing some unifying features such as compartmental design, extrinsic and 
intrinsic neuron types and synaptic input and output of MBs. 
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In particular, extrinsic MB neurones of different types and synaptically 
connected inside and outside the MBs have been only fragmentally investigated. 
Direct synaptic connectivity of two neuron types should be identified in the strict 
sense when both neurones have been labelled, and investigated by electron 
microscopy and electrophysiology. This is so far best shown only for the cholinergic 
iACT–PNs with KCs in the calyces in the cricket MBs (Frambach et al., 2004). A 
massive contribution of GABAergic extrinsic fibres considered as inhibitory elements 
has been found for all insect species investigated (Homberg, 1994; Leitch and 
Laurent, 1996; Strambi et al., 1998). The present study also shows that GABAergic 
fibres are unevenly distributed in the MBs of Gryllus, similar to the findings on the 
closely related species Acheta domesticus (Strambi et al., 1998), suggesting different 
weighting of GABA in MB subcompartments. The study of Acheta also provides 
information about the distribution of a GABA receptor. Interestingly, a gradient of 
GABA receptor density from central to peripheral portions is present in stalk column 
cross sections, matching the density differences of GABAergic fibres. From the 
studies on Acheta and Gryllus it can be deduced that the central core KC neuropil 
does not exhibit synaptic activity of GABA-elements or receptors indicative of 
postsynaptic fibres. For methodological reasons however, The study of Acheta does 
not make it possible to determine fine morphological details of GABA fibres pointing 
to their synaptic sites. Our study using confocal microscopy reveals small boutons in 
the calyces as parts of the complex glomeruli, as found in Drosophila (Yasuyama et 
al., 2002) and in bees (Schürmann and Elekes, 1997; Ganeshina and Menzel, 2001). 
The calycal glomeruli in the cricket and other insect species of distinct groups points 
to a design conserved in evolution. MB complex glomeruli of insects appear to be 
organised similarly to the vertebrate cerebellar glomeruli (Yasuyama et al., 2002). 
 
Furthermore, GABAergic blebs appear to be aligned along the proximal KC 
dendrites, and electron microscopy shows reciprocal synapses of extrinsic fibres with 
KC fibres. If GABAergic blebs take part in these reciprocal synaptic complexes, the 
wiring of KC dendrites is more complex than previously interpreted (postsynaptic 
inhibition of KC dendrites). There is no sound reason from both morphological and 
electrophysiological investigations (Leitch and Laurent, 1996) to consider GABAergic 
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elements in the calyces as pure or dominant feed back neurones originally proposed  
for bee MBs (Bicker et al., 1985) and uncritically accepted by other investigators. 
 
The distribution of 5-HT fibres in Gryllus bimaculatus corresponds to Acheta 
domesticus (Strambi et al., 1989). The study of Acheta, however, does not allow us 
to interpret for synaptic sites. The present study shows large 5-HT boutons in the 
peripheral calycal glomeruli, corresponding to the distribution sites of old KC II fibres. 
These 5-HT boutons might be central parts of complex glomeruli as stated for the 
cholinergic elements in Drosophila (Yasuyama et al., 2003) and Gryllus (Frambach et 
al., 2004). Electron microscopy shows two types of calycal boutons: a preponderant 
one filled with translucent synaptic vesicles and another with synaptic vesicles and 
dense core vesicles. The latter with two populations of vesicles may represent 5-HT 
boutons as found by immuno-electron microscopy (Watson and Schürmann, 2002). 
 
The abundant classical transmitters acetylcholine, GABA and amines have not 
been detected in KCs (Homberg, 1994) and the nature of transmitters of KCs has not 
been convincingly proved up till now. Some KC classes of the cricket show a high 
amount of glutamate immunoreactivity, so that this compound might be a transmitter 
candidate in KCs (Schürmann et al., 2000). Interestingly, the central core areas of 
the cricket MBs and surrounding small fibres are mainly devoid of glutamate (the so 
called KC I fibre areas showing no or a small amount of synapses). It remains to be 
shown whether glutamate-like immunoreactivity is indicative of metabolic activity 
and/or a transmitter in the insect central nervous system. 
 
The present study adds some findings on synaptic connectivity in some MB 
areas. The meaning of the complex connectivity is mainly not understood in 
functional terms. The functional segregation of the non isomorphous KCs and MB 
areas remains to be investigated by delicate electrophysiological approaches 
(Laurent, 2002). 
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4.2. The addition of newly formed KCs into the MBs of 
mature brains: morphological characters  
 
The main purpose of this study on MBs of imaginal brains was to find out the 
newly added KCs and their growing fibres, and to describe some characters throwing 
light on the continuous processes leading to integration of KCs into functional 
synaptic networks. These networks - as discussed above - are highly complex. 
However, previous studies have delivered a useful basis for understanding the 
meaning of some synaptic pathways. The use of molecular markers signalling growth 
events and conventional electron microscopy has made it possible to allocate 
structural changes in the MBs, namely in the neuropil. In particular, no electron 
microscopical study has been devoted to growing immature KCs in any adult brains 
of any insect species. The information gained from Gryllus bimaculatus MBs of 
course only reflects some events leading to mature, fully integrated KCs. 
 
4.2.1. The sprouting KC cluster 
 
Our study using a technique to mark mitotic cells indicates that a conic cluster of 
proliferative cells exists at the anterior cortex of the MBs in imagos of Gryllus 
bimaculatus. This cluster produces new cells at all ages tested during life as first 
indicated by Cayre et al. (1994; 1996) in Acheta domesticus. No alterations of the 
site of mitotic activities have been stated for Acheta and Gryllus. The BRDU 
technique employed in the studies on KCs in Acheta made it possible to follow the 
shifting and migration of the KCs in the course of aging (Cayre et al., 1996). The 
cricket KCs of the cell cluster grow from the inside out at any developmental stage: 
the centre of the anterior MB cortex contains the youngest KCs (Cayre et al., 2000). 
 
In a 50-day-old adult cricket, about 20% of KCs are produced during adult life, 
requiring a permanent remodelling of the MB cortex (Malaterre et al., 2002). It is so 
far not clear whether this important augmentation of KCs underlies specific cues 
inducing mitotic graded steps and modifying mitotic rates. If external environmental 
cues are considered important for mitotic activities of KC precursors, then variations 
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of total KC numbers and MB volumes can be expected, with the caveat that newly 
added KCs do not compensate for degeneration and cellular loss by aging, and 
volume changes are not due to shrinkage of neurones in the course of life. In fact, 
loss of neurones during aging is commonly observed in vertebrate and invertebrate 
nervous systems (Blaschke et al., 1998; Diaz et al., 1999). 
 
Volume changes in insect brains with special regard to MBs have been 
investigated for larval and adult forms (Bieber and Fuldner, 1979). They are seen in 
the pericaryal rind and in the neuropil. Plasticity of MB volumes correlated with 
changes of habits of life and with environment have been reported for bees and ants 
(Bernstein and Bernstein, 1969; Gronenberg et al., 1996) and other insect groups (for 
a review see Schürmann, 1987; Meinertzhagen, 2001). In Drosophila differences in 
fibre numbers in the MB stalk are related to the modes of rearing (Technau, 1984), 
and increase in fibre numbers is seen in adult fruit flies, not showing mitotic activities. 
These volume changes in fruit flies, bees and ants concern fibre mass changes, and 
not MB somata. Volume changes by degeneration and shrinkage have not been 
systematically investigated for insect brains. MBs with a simple neuropil design found 
in crickets represent a suitable system for such studies. 
 
4.2.2. Actin in developing KCs 
 
Actin is a prominent cytoskeletal protein in the central nervous system, found 
unevenly distributed in somata, dendrites, axons and at synapses (Matus et al., 
1982; Dailey and Smith, 1996; Felts and Smith, 1996; Kaech et al., 1997; Fischer et 
al., 1998; Micheva et al., 1998, Frambach et al. 2004). Actin forms filaments 
(polymerized F-actin) or exists in unpolymerized globular subunits (G-actin) (Capani 
et al., 2001). Both forms appear in neurones mixed together or separately. 
 
In the hippocampus of vertebrate brains, an area displaying high structural 
and functional plasticity, an intense staining is observed for f-actin in mossy fibres. 
Mossy fibres continue to grow and sprout in adult brains, unlike other neuronal fibres 
(Amaral and Dent, 1981). During development, the actin cytoskeleton is important for 
such dynamic processes associated with growth cone motility and collapse, as well 
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as neurite modelling (Tanaka and Kirschner, 1991; Fan et al., 1993) and neuronal 
migration (Rakic and Komuro, 1995). 
 
Strong accumulation of f-actin within glomerular synaptic neuropils indicates 
that actin plays an important role in morphological changes during neurogenesis and 
in established functional synaptic contacts of adult neurones (Matus, 1999; Morales 
et al., 2000; De Camilli et al., 2001). 
 
To localize f-actin, binding of fluorescent phalloidin has been used in a variety 
of studies (Wulf et al., 1979; Rössler et al., 2002). Phalloidin labelling has provided 
valuable information on structures rich in f-actin, such as spines in cultured neurones 
and in slice preparations studied by light microscopy (Allison et al., 1998; Halpain et 
al., 1998). Phalloidin labelling has been found a powerful tool for spatial mapping of 
olfactory glomeruli in vertebrate and insect primary neuropils (Rössler et al., 2002). A 
recent study has demonstrated f-actin accumulation in KC dendritic tips of cricket 
MBs (Frambach et al., 2004). In Drosophila larval MBs, phalloidin heavily stained the 
core areas with growing KCs (Kurusu et al., 2002). 
 
By employing this light microscopical technique, we successfully discriminated 
old KCs from a portion of young growing and sprouting KC elements. These 
neurones and their fibre bundles could be traced in detail throughout the MB neuropil 
of the last instar and in imaginal MBs by position and staining intensity. 
 
The compact fibre bundle emerging from the pericaryal cluster of dividing MB 
cells confirms the view of a parallel arrangement of KC axons ending at the tops of 
α– and ß-lobes derived from Golgi impregnations (Schürmann, 1973) and 
experimental dextran staining (Frambach and Schürmann, 2004) in crickets and in 
other insect species (Mobbs, 1982), and from electron microscopy (Schürmann, 
1974). However, the present study could not solve the question of whether the f-actin 
stained central core bundles comprise all young sprouting KC fibres together with 
fully established axons termed KC I neurones from Golgi studies, or whether KCI 
fibres occur besides or intermingled with KC elements with shorter fibres and growth 
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cones. This is probably the case as deduced from double labelling experiments 
showing f-actin and tubulin (see below). A study of Malaterre et al. (2002) shows a 
marking of sprouting KC neurones by immunocytochemical labelling with an antibody 
against lachesin, an external membrane protein. This tubulin study gives the 
impression that more KCs are labelled than by f-actin, but does not provide 
information on the process of continuous growth of central core KCs. Studies to label 
fibres in the central core by dextran filling were mainly negative, whereas small fibres 
adjacent to the central core, representing older KC elements with only faint f-actin 
labelling could be successfully demonstrated (Frambach, personal communication). 
These fibres do not appear to be fully integrated synaptic KC parts. 
 
Newly formed dendrites of young sprouting KCs could not be traced to form 
synapses in the calyx glomeruli. Their radial spreading of tiny f-actin positive fibre 
bundles from the central core suggests that they join established old KC II dendrites, 
serving as guide lines for the outgrowing dendrites. It is also not clear whether 
dendrites are formed before the new KC axons have been developed fully. An 
association of f-actin with extrinsic neuronal fibres, the synaptic partners of KC 
neurones could not be determined from limits given by their size and by confocal 
imaging, though this is expected. The synaptic integration of KCs and invading 
extrinsic fibres requires structural plasticity of both neuron classes. F-actin 
accumulation is not only present in dendritic but also in axonal endings of some 
insect neuron types (Rössler et al., 2002). 
 
4.2.3. Tubulin expression 
 
Microtubules are essential cytoskeletal elements providing support for the 
development, growth and maintenance of neuronal fibres. These organelles also 
represent a substantial substrate along which other organelles and molecules are 
transported in both directions within axons (Ahmad and Baas, 1995; Dent et al., 
1999). Recent studies have indicated interactions between the actin and microtubule 
cytoskeletal systems, suggesting a cooperation of microtubules in many actin- 
requiring cellular processes, including motility and shaping of cells (Goslin et al., 
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1989; Vega and Solomon, 1997; Waterman-Storer and Salmon, 1997). Interaction 
between microtubules and the actin cytoskeleton is needed for axonal branching 
(Dent and Kalil, 2001). Furthermore, a selective propagation of microtubules in 
growth cone steering, in response to extracellular cues, has been proposed (Lin and 
Forscher, 1993; Bentley and TP, 1994; Tanaka and Kirschner, 1995). 
 
In growing MBs of Drosophila late larvae, tubulin is uniformly distributed in the 
axonal stalk and in the dorsal and medial lobe fibres of different KC classes (Watts et 
al., 2003). In the present study on the MBs of the cricket, immunocytochemistry 
showing tubulin distribution made it possible to detect staining differences for KC 
types, so far not investigated in MBs of adult insect brains. 
 
In the MB anterior pericaryal layer, holding so called KC I and II somata, 
tubulin-like immunoreactivity occurs in marginal fibre bundles surrounding the f-actin 
stained central bundle which appears free of tubulin immunoreactivity or only faintly 
stained. This does not point to a prominent accumulation of tubules, although 
detected by electron microscopy. The intensity of tubulin staining is also low in 
dendritic fibres and in general in synaptic areas of the neuropil. Tubulin positive KC 
fibre bundles were traced through the columnar neuropil of the calyces, stalks and 
lobes outside the f-actin rich central core. The most intensely stained fibres are KC III 
elements of the posterior MB pericaryal rind, not showing mitotic activity in imaginal 
brains. In contrast, central core neuropil displays only faint expression of tubulin. This 
is interpreted in view of not fully developed KC fibres, not extending through the 
whole MB neuropil. The KC I fibres originally discerned from KCII neurones by Golgi 
impregnation (Schürmann, 1973) might represent gradually maturing KCs 
centrifugally shifted and becoming the form of the more centrifugally positioned KC II 
neurones. A discrimination of two types would thus no longer be valid, if KC I neuron 
class only represents transitional forms (see below, section electron microscopy 4.5). 
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4.3. Synaptic complexes in MB compartments related to KC 
neurones of different age 
 
4.3.1. Synapsin distribution 
 
Immunocytochemistry of synapsin I and electron microscopy were 
successfully employed in an attempt to coorelate the establishment and distribution 
of synapses in the MBs. Synapsin labelling made it possible to safely detect 
presynaptic sites in the MB system, because this synaptic protein fills the whole 
cytoplasmic space, surrounding synaptic vesicles and mitochondria (Fabian-Fine et 
al., 1999), shown by immuno electron microscopy (Frambach et al., 2004). Synaptic 
vesicles and presynaptic active zones often occupy only minor parts of presynaptic 
profiles of insect synapses, below the limits of light microscopical resolution 
(Yasuyama et al., 2003), so that specific immunocytochemical labelling of precise 
sites of synaptic coupling can mainly not be used for the insect central nervous 
system, but at large neuro-muscular junctions (Prokop, 1999; Sigrist et al., 2000). 
 
 Light microscopy of synapsin distribution did not reveal synaptic sites in the 
MB pericaryal cortex. This was expected because somatic layers in insect and 
invertebrate nervous systems are only exceptionally endorsed with synapses, e.g. in 
dopaminergic fibres at KC somata of bee MBs (Blenau et al., 1999). Synaptic-like 
contacts were, however, occasionally detected in the MB cortex of the cricket (this 
study) by electron microscopy, but could not be allocated to neurones or glial cells. 
Glial cells may receive synaptic input (Watson and Schürmann, 2002; this study). 
 
The central core parts of the columnar neuropil, characterized by its high 
levels of f-actin apparently lack synapsin staining. This area occupied by the 
youngest sprouting KCs and devoid of invading extrinsic fibres is interpreted not to 
be synaptically integrated. However, the tiny fibres directly surrounding the central 
core scarcely show small spots of synapsin, being in a more advanced state of 
development. More peripheral areas with so-called KC I fibres show higher levels of 
synapsin, indicating a higher density of synapses in more mature KCs. This 
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complements results gained from electron microscopy (Schürmann, 1974; 1987; this 
study). All together, the findings on synapsin and by electron microscopy (see below) 
are interpreted to support the view of an age-related continuous development of 
young KCs to become KC fibres of the KC II Golgi impregnation type, with fully 
expressed gestalt and synaptic coupling into operating networks. The time course 
leading to fully developed KCs remains to be determined. A continuous growth of 
newly added KCs in mature cricket brains was first proposed for Acheta (Cayre et al., 
1996; Malaterre et al., 2002) from cortex studies, but the changes in the neuropil 
were not considered in these studies. Studies on larvae of the cockroach (Salecker 
and Boeckh, 1995) have given valuable details on sequential steps in the structural 
development of sensory and interneurones in the antennal lobe neuropil, but cannot 
explain the time course of maturing KCs. 
 
4.3.2. Extrinsic fibres in relation to growing KCs 
 
Identified extrinsic neurones in the MBs have mostly remained uninvestigated 
with respect to their synaptic layout and connectivity, with the exception of cholinergic 
fibres (Yasuyama et al., 2002; 2003; Frambach et al., 2004) and GABA neurones 
(Schürmann and Elekes, 1987; Leitch and Laurent, 1996; Ganeshina and Menzel, 
2001). A putative synaptic coupling of transmitter defined extrinsic neurones with 
developing KCs is investigated for the first time by the present study. 
No invasion of extrinsic GABA fibres is found in the central core region. A few 
GABA fibres terminate at the rim of the central core, in between the ring of small KCs 
which do not show a full development of their shape. This supports the view that the 
central core fibres and adjacent KC fibre bundles are not or are only marginally 
involved in functional networks, indispensable for olfactory information processing 
and for behavioural programs (Hildebrand and Shepherd, 1997; Menzel, 2001; Fiala 
et al., 2002; Laurent, 2002). 
 
Interestingly no evidence was found that 5-HT fibres directly interact with 
young sprouting KCs. 5-HT has been repeatedly reported to be involved in the 
regulation of neuronal growth processes in insects and other invertebrates (Bicker, 
1999; Cayre et al., 2002). 
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4.4. Growing KCs and ultrastructural characters 
 
Details of ultrastructural changes during neurogenesis in larval and adult 
nervous systems are apparently rarely available for invertebrates (Meinertzhagen, 
1996), in comparison to studies on vertebrates. An exception is the most detailed and 
comprehensive study of Salecker and Boeckh (1995). This study investigated 
growing neurones of different types in the brain antennal lobes of larval stages of the 
hemimetabolous cockroach, considering extracellular space, glia-neuron relationship, 
growth cone-like structures, membrane specializations and emerging synapses. 
Growing cells display a prominent overall diffuse cytoplasmic electron density in 
comparison to developed neurones. This is also typical for the growing KCs in the 
pericaryal rind and neuropilar central core of the cricket MBs. The growth cones and 
filopodia in larval cockroach and adult cricket brains are similarly designed. 
Membrane junctions of the desmosome type and synapses, present in the 
developing cockroach neuropil, were not detected in areas with newly added KCs in 
the cricket MBs. For the cockroach larval neuropil, no spacing junctions of 
membranes, found in the cricket MBs, have been reported. The large extracellular 
space in larval neuropil of Periplaneta appears free of electron dense material, but is 
indicated for the central core neuropil and between mitotic KC precursors in the 
cricket brain. 
 
A striking difference between growing neurones in the cockroach and the 
cricket is the abundance of ribosomes in the sprouting KC fibres in the central core, 
far away from their somata, even detected in the distal calyx region. This is a 
speciality, as ribosomes are generally not found in neuronal fibres in the neuropil 
(Schürmann, 1987), earlier demonstrated by autoradiographic studies. 
 
Attempts to quantify dynamic changes at the cellular and subcellular level from 
electron microscopic investigations in insect nervous systems have been mainly 
focussed on brain neuropils such as the optic lobes (Meinertzhagen, 1996), to 
antennal lobes (Mercer et al., 1999; Devaud et al., 2001) and MBs of Drosophila 
(Technau, 1984). These studies, not confined to newly emerging neurones, deal with 
distribution and dimensions of synapses, with fibre growth in relation to 
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developmental stages, and remodelling of networks following environmental and 
behavioural changes. 
 
In imaginal Drosophila MBs, showing a design remarkably similar to cricket 
MBs, the amount of stalk fibres initially increases, to finally decrease in 3- to 4-week-
old brains. Moreover, olfactory and mechanosensory deprivation led to a reduction of 
stalk fibres (Technau and Heisenberg, 1982; Technau, 1984). Our countings of 
organelles and synapses in samples of cross sections from adult cricket brains 
provide good evidence of growth processes in the neuropil, starting in the central 
core KC elements, leading to fibre outgrowth and subsequent equipment with 
structures reflecting functional integration into a synaptic network. The mature 
structure of KCs is seen in the so-called KC II neurones with their axonal fibres 
distant from the central core region of sprouting cells. The progressive maturation of 
KCs in adult brains has been proposed for Acheta KCs based on BRDU marking of 
somata (Cayre et al., 1996; Malaterre et al., 2002), showing a centrifugal shifting of 
somata. However, these studies did not give information on structural dynamics in 
the neuropil, relevant for bioelectric events and functional operation of MBs. 
 
The present electron microscopic study though based on a small number of 
samples, is the first to provide information of KC fibre volume changes, tubule and 
synapse equipment in KC fibre bundles of different age. The ultrastructural findings 
complement well and extend the results gained at the light microscopical level, which 
have shown age correlated expression of molecule distribution. The distinction of 
persistent KC I and II neuron types (Schürmann, 1973) should be revised also on 
electron microscopic observations, when we see KC I neurones as a transient form 
finally becoming mature KCs of the KC II status. 
 
4.5. Glial cells, growth and degeneration processes 
 
Glial cells in both vertebrate and invertebrate nervous systems are highly 
dynamic cells, indispensable for the development and maintenance of neuronal 
networks. These cells are therefore in intimate relationship to neurones, and also 
subjected to structural dynamics (Tucker et al., 2004). An important glial role during 
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embryogenesis is the forming of guidance structures for migrating neurones or 
outgrowing axons (Rakic, 1971; 1972; Boyan et al., 1995). 
 
In developing vertebrate brains, the class of radial glial cells guide migrating 
neurones by directing the outgrowth of axons (Kandel, 2000). In vertebrate and 
invertebrate olfactory systems, neuron-glia interactions regulate the sorting and 
targeting of olfactory receptor axons and the development of glomeruli (Rössler et al., 
1999a; Tucker et al., 2004). (Rössler et al., 1999a) have demonstrated for antennal 
sensory neurones in an insect brain, that the ingrowth of axons into the antennal lobe 
neuropil requires glial cells in order to properly select glomeruli and to establish a 
somatotopic map of sensory input. Glia may affect the cell fate (Xiong and Montell, 
1995) when it participates in the selective removal of degenerated cells. 
 
In insects, the glial cells fall into different classes of cell types (Strausfeld, 
1976). Unfortunately, these glial cell classes cannot be selectively demonstrated by 
labelling with specific molecular markers at present (Hartenstein et al., 1998). For 
light microscopy, propidium iodide was successfully employed to visualize neuropil 
glia in Drosophila (Devaud et al., 2003) and in the butterfly Manduca (Rössler et al., 
1999a). The staining, however, only marks nucleic acids in the nuclei and in the 
cytoplasm. Glial cytoplasm can only partially be demonstrated by light microscopy, 
because large cytoplasmic portions do not contain ribosomes and may form small 
sheaths, only detected by electron microscopy. Despite these methodological 
limitations, some statements on glial distribution in the cricket MBs could be given. 
No massive contribution of glial cells to the areas of sprouting KCs was found, 
notably the actin rich central core fibre bundles and in the cluster of developing 
neurones of the pericaryal rind, nor in the neuropil occupied by older KCs. No 
patterns of glial cells were detected by light or electron microscopy. These findings 
did not make it possible to associate glial distribution with stages of KC development 
or with guidance functions. The observations on glia in adult MBs of the cricket 
Gryllus correspond to studies on other species (Cayre et al., 1996; Devaud et al., 
2003), but cannot be generalized, because studies on the olfactory neuropil point to 
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glial involvement in sorting of neurones within neuropils (Salecker and Boeckh, 1995; 
Rössler et al., 1999a). 
 
The question arises of which cues for the directed accurate parallel outgrowth 
of KC axonal fibres and for dendrites in imgainal brains could be employed if a glial 
role cannot be deduced from morphology. If the y-form of KC neurones has been 
established in early larval stages of hemimetabolous insects, these KCs with fully 
established fibre scaffold, neighbouring the f-actin rich central core bundle could 
deliver guidance information by molecules expressed at the fibre membranes to 
sprouting KCs (Bate, 1976; Goodman, 1996). The light microscopical findings on glial 
distribution are in accordance with results obtained from electron microscopy of MBs 
of the fruit fly and of other insect species (Schürmann, 1987; Yasuyama et al., 2002). 
 
A direct relationship of glial and extracellular systems has been observed for 
the cricket MBs. Continuous disposition of extracellular space to newly added, 
growing KCs is needed. It remains to be shown by further investigations, how the glia 
is involved in extracellular space delivering processes, e.g. degeneration of neurones 
and growth cone modelling (Tucker et al., 2004). The decline and removal of insect 
neurones is performed by glial activity (Schürmann, 1980). 
 
Genetically regulated programmed cell death (PCD) is an important process, 
taking place during the development and remodelling of many tissues and organs in 
both vertebrates and invertebrates (Saunders, 1966; Robinow et al., 1993; Blaschke 
et al., 1998; Diaz et al., 1999). PCD occurs via apoptosis, following a well-
characterized genetic program (Kerr et al., 1972). The balance between cell death 
and cell division is essential to maintain cell number within a tissue. PCD could 
participate in regulating cell number within the neuroectoderm (Evan et al., 1995; 
Sanders and Wride, 1995; Conlon and Raff, 1999). Neurogenesis and neuronal cell 
death can occur simultaneously (Harzsch et al., 1999). This has also been suggested 
for lesion-induced plasticity in the olfactory system of crayfish (Sandeman et al., 
1998). 
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In holometabolous insects, MBs in pupae undergo massive degeneration and 
reorganization to prepare the complex brain structure in imagos (Nordlander and 
Edwards, 1969; Booker and Truman, 1987; Monsma and Booker, 1996; Armstrong et 
al., 1998; Crittenden et al., 1998). 
 
A massive degeneration in the MBs of adult crickets was not found, but a 
quantitative study on MBs of different ages is needed to understand the relationship 
between glia, developing neurones and extracellular space. 
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5. Summary 
 
The structure and aspects of structural changes caused by the incorporation of 
newly generated neurones in the mushroom bodies (MBs) in the brain of the adult 
insect Gryllus bimaculatus have been investigated using light and electron 
microscopic methods. 
 
The paired MBs represent a prominent columnar neuropil in the central insect 
brain, serving for multimodal sensory integration, most important for the organization 
of olfactory behaviour, and for memory and learning. The MBs always contain a class 
of local interneurones, the Kenyon cells (KCs) and classes of extrinsic relay 
neurones, connecting this neuropil with other brain areas. In adult cricket brains - in 
contrast to most other insect species - solely a group of KCs is continuously formed 
from persisting neuroblasts throughout adult life. These growing and differentiating 
neurones become integrated into structurally established, functional synaptic 
networks of complex design, which are indispensable for organizing olfactory 
behaviours. The processes of maturation of these newly added KCs are reflected by 
structural changes. The MB system of the cricket is therefore a model system 
allowing to describe cellular and subcellular characters in a defined cluster of 
emerging and sprouting local interneurones of simple design. The study employs 
diverse light microscopical marking techniques revealing the distribution of molecules 
(f-actin, tubulin, synapsin, GABA, 5-HT) and organells essential for growth processes 
and indicating synaptic integration in differentially aged neurones and neuropil areas. 
Light microscopical studies are complemented by electron microscopy. 
 
The study is the first approach systematically investigating the sprouting 
neurones in the whole MB system at the cellular and subcellular level. The main 
findings are listed below. 
 
1) The reinvestigation of synaptic circuits in the calyx points to 
reciprocal synapses at KC dendrites  with GABA-fibres. 
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2) The differential supply of GABA and 5-HT extrinsic fibres in the MB 
compartments is shown. 
3) Sprouting new KCs localised in a small somatic cluster are the only 
newly added cells in adult brains, found throughout the animal’s life. 
The cluster is already present in the brain of the last instar. 
4) The sprouting KC somata form a compact fibre bundle extending 
through the whole MBs, marked by intense f-actin staining in a 
central core region. 
5) Dendritic KC fibre bundles in the calyx radially project from the 
central core towards the peripheral layer of synaptic glomeruli. The 
stained fibre bundles seem to accompany unstained developed 
dendritic fibres.   
6) Actin-tubulin double labelling is mainly found at the marginal parts of 
the central core, mainly remaining free of tubulin staining. 
7) Light microscopy of the central core fibre bundle does not show the 
protein synapsin indicating lack of synapses. 
8) The central core is not invaded by extrinsic GABA- and 5-HT-fibres. 
This also indicates that this region of developing KCs is not 
synaptically integrated. 
9) The mitotic KC somata and the f-actin rich central core fibre bundle 
analysed by light microscopy corresponds to areas with cells of 
enhanced electron density, visualized by electron microscopy. The 
region of sprouting elements could be therefore easily discriminated 
from surrounding fibre bundles of more mature KCs. 
10) The cluster of sprouting somata forms a fibre bundle with growth 
cone like structures and filopodia, also detected in the neuropil 
central core parts as detected by electron microscopy.  
11) The KC fibre bundle of the central core contains ribosomes down to 
the level of the calyx, different from more mature fibres. 
12) In electron micrographs no synapses and synaptic vesicles are 
found in the sprouting central core area. 
13) Sprouting fibres seek extracellular space regions, filled with electron 
dense material of unknown origin. Extracellular space is also in 
direct contact to glial cytoplasm. 
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14) The central core  and surrounding neuropil is mainly devoid of glial 
cells, forming small extensions between neuronal fibres. No pattern 
of glia is detected. 
15) Determination of fibre sizes, fibre numbers, counts of tubules, 
mitochondria and of synapses point to a continuous growth of newly 
added KCs. These new KCs shift surrounding more mature KCs 
towards the periphery of the MBs. These results indicate that KC I 
and KC II neurones previously classified from Golgi impregnations 
should not be taken for different types, but represent KCs of different 
state of development. 
16) Degeneration of KCs was only occasionally detected in one week 
old imaginal brains. An augmentation of KCs during adult life could 
occur. 
 
The findings on the structure and structural dynamics, caused by the 
continuous production of KCs in adult brains are compared to results on 
sprouting neurones in vertebrate and insect nervous systems. 
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7. Appendix of figures 
 
The appendix contains plates of light micrographs (Figures 2-8, 11-16) and 
electron micrographs (Figures 9, 10, 17-31, 33). All confocal and epifluorescence 
images are from vibratome sections. All toluidine blue stained micrographs are from 
semithin sections of brains fixed for conventional electron microscopy. All 
abbreviations used in figures and figure legends can also be found in the list of 
abbreviations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix of figures 
 
___________________________________________________________________________ 
- 78 - 
Figure 2: Mushroom body sprouting Kenyon cells. Toluidine blue staining of 
semithin sections (A;B); f-actin-phalloidin staining (green) and anti-
phospho histone mitosis marking of somata (red); confocal images (C-
F). 
 
A: Cluster of proliferating KCs (arrowhead) at the margin of the pericaryal layer (PL); 
dark extracellular space (triangle) in the central anterior calyx (CA); posterior 
calyx (CP); glomerular layer in the marginal CA (asterisks); frontal section. 
 
B: Cluster of sprouting Kenyon cells (SKC) in the pericaryal layer (PL); note the shell 
of surrounding weakly stained KCs; horizontal section. 
 
C: Sprouting KCs form a distinct intensely stained fibre bundle (arrow), descending 
from the pericaryal layer into the central anterior calyx and projecting through 
the alpha- (AL) and beta- (BL) lobes (arrows). The marginal glomerular calyx 
zone (asterisk) and other synaptic neuropils are also stained; sagittal section. 
 
D: The cluster of mitotic cells (arrowheads, anti-phospho histone immunocytology) in 
the centre of the pericaryal layer is intensely stained, frontal section. 
 
Inset: Higher magnification from (D) showing the mitotic cell cluster (arrowhead), 
surrounded by a shell of unstained KCs. 
 
E, F: Double staining of the MB mitotic cells (arrowheads, red) in the central 
pericaryal layer; note the fluorescent bundle (green, arrows) descending to the 
anterior calyx (CA) with radial branches (small arrow), directed towards the 
marginal glomerular calyx neuropil (asterisks). The glomeruli are intensely 
marked, forming a pattern of fluorescent spots; the central sprouting fibre 
bundle projects through the calyx to the stalk (P); note unstained extracellular 
space (triangle);  images from a stack of optical sections: Posterior calyx (CP), 
frontal sections. 
 
Scale bars: A: 30 µm; B: 20 µm; C, D: 50 µm; Inset D, E, F: 20 µm. 
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Figure 3: Confocal images of MBs stained with phalloidin (A-E, H, I) or toluidine 
blue (F, G). The scheme at the top left indicates the arrangement of KC 
fibre columns and the levels of sections serving for images. 
 
A: F-actin-phalloidin staining indicates the descending sprouting fibre bundle 
emerging from the KC pericaryal layer (arrows) and descending to the central 
anterior calyx. Note the marginal glomerular calyx zone (asterisk) also marked 
by green fluorescence; frontal section. 
 
B, C: The f-actin positive central core zone (arrow) is detected in the MBs of the last 
instar (C) well as in two months old imagines (D), cross sections through the 
MB stalks. 
 
D: Sprouting, dendritic like projections (small arrows) in the anterior calyx (CA), 
extending from the central core fibre bundle (arrow) to the glomerular layer 
(asterisk) of micro- glomeruli; horizontal section. 
 
E: The sprouting fibre bundle (arrows) in the pericaryal layer (PL) and in the anterior 
calyx (CA) with tiny, radial dendritic like projections (small arrows). Note the 
intense staining of glomeruli in the anterior and posterior calyx (CP) and the 
unstained descending axon bundles (circles) of KC III neurones, descending 
from the CP; frontal section. 
 
F, G: The central region of the stalk containing the f-actin central core fibre bundle 
(arrows) surrounded by mature type II and III KC fibres; toluidine blue staining, 
sagittal (F) and horizontal section (G) . 
 
H: Intense staining of f-actin in the central stalk (central core KC fibre bundle, arrow).  
I: The f-actin positive central core column (arrow) in the stalk (longitudinal section) 
with adjacent sprouting elements lined up along the stalk (small arrows). 
Scattered green spots are interpreted as synaptic sites in more centrifugal 
stalk parts (asterisk). 
Scale bars: A: 50; B, C, G: 10 µm; D, E: 20 µm; F, H: 40 µm; I: 5 µm. 
Appendix of figures 
 
___________________________________________________________________________ 
- 81 - 
 
 
Appendix of figures 
 
___________________________________________________________________________ 
- 82 - 
Figure 4: The f-actin positive central core in the stalk and alpha lobe, confocal 
images (A-E, I, H) and toluidine blue stained semithin sections (F, G). 
 
A-C: Central f-actin positive fibre bundle (arrows) at the top, medial and basal parts 
of the stalk respectively; horizontal sections. 
 
D: The f-actin positive central core (arrows) in the alpha- (AL) and beta- (BL) lobes; 
frontal section. 
 
E: Strong staining of f-actin of central core fibres  in the alpha lobe (arrow). Note also 
the differential staining in areas occupied by KC II fibres, and perpendicular 
sprouting elements (small arrow); frontal section. 
 
F, G: The central region of the alpha lobe with the f-actin central core (arrows). Note 
the dark spot surrounded by a ring of faintly stained fibres. 
 
H, I: Central f-actin stained fibre bundle (arrows) at the top and basic parts of the 
alpha lobe, horizontal sections. Note the radially sprouting fibres (small 
arrows) emerging from the central core (arrows) and the green spots in the 
synaptic neuropil (arrowheads). 
 
Scale bars: A-C, G-I: 10 µm; D-F: 20 µm. 
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Figure 5: The central core in the beta lobe, toluidine blue staining (A),  
phalloidin staining, confocal images (B-D). 
 
A: The f-actin central core fibres (arrow) occupy a lateral position in the beta lobe; 
mature KCs (II); frontal section. 
 
B: Intense staining of the growing KCs (arrows), surrounded by neuropil with mature 
KCs (II). 
 
C, D: Note a marginal position of the stained central core KC fibre bundle (arrows); 
horizontal sections. 
 
Scale bar: A - D: 10 µm. 
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Figure 6: Tubulin in the MBs, immunostaining (red), phalloidin-f-actin staining 
(green);  confocal images, frontal sections. 
 
A-C: Same section to show differential distribution of f-actin and tubulin. Stainings of 
tubulin (A, C) and phalloidin (B, C) indicate the distribution of  tubules in the 
pericaryal layer (PL) and in the MB neuropil. The posterior calyx (CP) and the 
stalk (P) show bundles of KC III fibres (arrowheads). The central core fibres 
(arrow) show anintense phalloidin staining and appear to be devoid of tubulin. 
Fibre tracts outside the MBs mainly lack f-actin. Extracellular space in the 
anterior calyx (triangle). KC fibre bundle (small arrows). 
 
D: Double staining in the pericaryal layer showing the tubulin immuno staining of KC 
fibre bundles (small arrows) in the pericaryal layer descending into the anterior 
calyx (CA), there forming a central fibre column which holds radial KC 
dendrites. This calyx portion also contains considerable amounts of actin 
(yellow parts); The glomerular zone appears mainly green. Note comapct 
bundle of KC III fibres (arrowheads) descending from the CP. 
 
E: Pericaryal layer at higher magnification shows small fibre bundles merging to form 
compact bundles of descending KCII axons (small arrows). 
 
F1-F3: Pericaryal layer (PL) with tubulin staining (F1, F3) and phalloidin staining (F2, 
F3). The tubulin immunostaining (F3, arrowhead) is concentrated at the 
boundary of the central core fibres (F1; arrow). Double labelling shows that the 
massive f-actin positive central core fibre bundle (F2) is composed of a 
marginal portion showing  intense tubulin-phalloidin contents (F3; yellow) and 
an inner portion devoid of tubulin. Note that the SKC cluster appears to be free 
of tubulin. The perilemma glia (white arrow) forming the brain sheath contains 
tubulin and f-actin. 
 
Scale bars: A, B: 100 µm; C: 50 µm; D: 25 µm; E, F1-F3: 15 µm. 
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Figure 7: Tubulin-f-actin double labelling  in MB compartments, confocal 
images; tubulin (red); phalloidin (green); horizontal sections.  
 
A: The central core fibre bundle (arrow) of the anterior calyx (CA) is lacking tubulin 
immunostaining. The red immunostaining appears in the area of KC II fibres, 
whereas in the glomerular area (asterisk) tubulin marking is less intense 
(compare B). Note the tubulin staining of KC III fibre bundles in the posterior 
calyx (CP). Stalk (P). 
B: Tubulin staining in the anterior calyx; high magnification from A. The low tubulin 
marking of the synaptic area (asterisk) and of the central core (arrow) is 
visible. Note the extracellular processes (triangle), stalk (P). 
C: Overview showing tubulin distribution in the stalk (P) and alpha-lobe (AL). The 
central core fibre bundle (arrows) shows intense f-actin marking and minor 
amounts of tubulin. Strong tubulin staining is found in KC III fibres 
(arrowheads) and fibres adjacent to the lobes. Note the immunoreactivity in 
the central bridge (CB), which is subdivided into a posterior part rich in tubulin 
and an anterior portion with abundant f-actin. 
D: Tubulin immunoreactivity of the KC fibre bundles (I-III) in the stalk. Note the strong 
immunoreactivity in KC III fibres (arrowheads) and lower immunoreactivity of 
the KC II fibre area, whereas KC I fibre area (arrow) shows intense phalloidin 
staining. 
E: Differential immunostaining of the KC fibres (I-II) in the alpha lobe. Note the strong 
tubulin staining of large fibres surrounding the lobe (arrowheads) and the high 
immunoreactivity in the ring surrounding the central core (arrow). The tubulin 
staining in the lobe area with KC II fibres is weak. This area is full of synapses 
and shows scattered spots of phalloidin. The central core region holds a high 
amount of f-actin (sprouting KC fibres). A profile of an extrinsic neuron filled 
with tubulin is marked (white arrow). 
F: In the beta-lobe tubulin staining is weak in KC II fibre bundle areas and in the 
central core area (arrow), but concentrated in peripheral ß-lobe portions 
(arrowheads). 
 
Scale bars: A, D: 20 µm; B, E, F: 10 µm; C: 50 µm. 
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Figures 8: Synapsin-phalloidin staining in the calyx, confocal images, 
horizontal sections. 
 
A-C: The MB anterior calyx with synapsin immuno-staining (A, C; red) and phalloidin 
staining (A, B; green, B and C of same section). Intense staining of synaptic 
glomeruli (asterisks) and small spots of synapsin indicating presynaptic 
complexes in the inner calyx holding the columnar KC II fibres are found (C). 
They appear aligned to f-actin fibre bundles (B). The central core (arrow) 
appears free of synapsin and full of phallloidin-f-actin staining. Extracellular 
space is positioned at the central core (triangle). Note presynaptic small spots. 
 
D1-D4: Series of four optical images from a stack (taken from same section as in B). 
The small synaptic spots are aligned to dendritic like, phalloidin stained fibre 
bundles (small arrows). 
 
Scale bar: A: 20 µm; B-D: 10 µm. 
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Figure 9: Glomerular neuropil of the anterior calyx; electron micrographs; 
horizontal (A, B) and sagittal (C, D) sections.  
 
A: Glomeruli with presynaptic boutons (rhombus). 
 
B: Inset from A; a presynaptic bouton filled with synaptic vesicles and with synaptic 
sites (arrows) surrounded by tiny dendritic profiles. 
 
C:. A presynaptic bouton (rhombus) with synaptic sites (arrows), containing small 
synaptic vesicles and dense core vesicles; inner margin of the glomerular 
neuropil. Descending KC fibres at the right (asterisk). 
 
D: Inset from C; a fibre profile with pre- and postsynaptic sites (arrows). 
 
Scale bars: A, C: 1 µm; B, D: 0.5 µm. 
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Figure 10: Electron micrographs of synaptic contacts in MB compartments, 
sagittal (A, B) and horizontal (C - F) sections. 
 
A: Columnar neuropil of the anterior calyx. Small arrows point to presynaptic sites. 
Note glial cytoplasm (thick arrow).  
 
B: Presynaptic sites (arrows) in translucent fibres, coupled to dark non degenerating 
fibre profiles in the calyx area of KC II fibres. 
 
C: Presynaptic sites marked by arrows. Extrinsic fibre profiles with synaptic contacts 
(small arrows) to cross sectioned KC II fibres in the anterior calyx. 
 
D: Presynaptic KC fibres (arrows) in the stalk may in turn be coupled to extrinsic 
elements (reciprocal synapses), as for example seen at the bottom right in D. 
Presynaptic bouton (rhombus), synaptic contacts (small arrows). 
 
E: Alpha lobe, postsynaptic extrinsic fibres coupled to small KC fibres (arrows). Note 
abundant vesicles in the small fibre profiles (arrowheads). 
 
F: Profiles with abundant vesicles (arrowhead) and synaptic sites (arrows); area of 
KC II fibre bundles in the alpha lobe. 
 
Scale bars: A, B, E, F: 0.4 µm; C: 0.5 µm; D: 0.3. 
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Figure 11: Synapsin-phalloidin staining in the stalk and alpha and beta lobes, 
confocal images, horizontal sections  
 
A-C: Overview showing synapsin immunoreactivity (A) and phalloidin staining (B); 
green) in the stalk (P) and alpha lobe (AL); merged image in C. The central 
core fibre bundle (arrows) appears free of synapsin. The central body (Cb) is 
strongly double labelled. 
 
D: Synapsin staining in the stalk marks small presynaptic profiles in the area of KC II 
fibre bundles. Synapsin I immunoreactivity is lacking in the central core region 
(arrow), showing strong phalloidin staining. 
 
E1-E4: Examples of synapsin staining, showing a gradiant from the central core to 
centrifugal portions. E1, E2 double labelling, E3, E4 single staining with 
phalloidin. 
 
F: In the alpha lobe, synapsin immunoreactivity appears in type II and III KC fibres. 
The phalloidin stained central core fibre bundle (arrow) appears devoid of 
synapsin. 
 
G: Synapsin staining in the beta-lobe appears in KC II and III fibre areas, but is not 
detected in the central core fibre bundle (arrow), which is strongly phalloidin 
stained. 
 
Scale bars: A-C: 50 µm; D-G: 10 µm. 
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Figure 12: Extrinsic immunostained GABA fibres (red) and phalloidin labelling 
(green) of neuropil, confocal images (A-C) and epifluorescence  
micrographs (D- G); horizontal sections. 
 
A: GABA fibres in the anterior calyx are concentrated in the column parts occupied 
by KC II fibres. The central core fibres (arrow) are lacking GABA and appear 
phalloidin stained (green). The immunoreactivity is concentrated in type II KC 
fibres. Note radial spreading of GABA fibres from the central core to the 
peripheral zone of glomeruli. 
 
B, C: High resolution images of the same section to demonstrate the distribution of 
GABA stained blebs. The central core fibre area (arrows) appears devoid of 
GABA. 
 
D, E: In the stalk, the central core fibre area (arrows) and the KC III fibre bundle are 
free of GABA immunoreactivity. Blebbed GABA fibres are abundant in the 
area of KC II fibres. 
 
F: In the alpha lobe column, GABA immunoreactivity is partial apparent in regions 
with KC II and III fibres, whereas central column parts are mainly lacking 
GABA fibres (compare with D, E). 
 
G: In the columnar beta lobe, the central core region (arrow) is free of GABA 
(compare with F).  
 
Scale bars: A - C: 20 µm; D - G: 10 µm. 
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Figure 13: Extrinsic 5-HT neurones in the calyx and stalk. Double labelling: 5-
HT immunostaining (red) and phalloidin staining (green). Confocal 
images, horizontal sections, laser scan micrographs. 
 
A, B: 5-HT fibres (arrowhead) in the anterior (CA) and posterior calyx (CP) are 
confined to parts of the glomerular areas. The inner columnar area of the 
anterior calyx with the central core containing sprouting KC fibres (arrows) is 
lacking 5-HT. 
 
C, D: Enlarged portions of  figure B,  showing 5-HT immunoreactivity (arrowheads) in 
parts of  the glomeruli. 
 
E, F: 5-HT immunoreactivity in the stalk areas with KC II fibres (arrowheads). Central 
core fibres (arrows) and KC III fibre bundles are free of 5-HT. 
 
Scale bars: A, B, : 20 µm; C, D: 10 µm; E, F: 10 µm. 
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Figure 14: Extrinsic 5-HT neurones in the α– and β– lobes. 5-HT 
immunostaining (red) and phalloidin labelling (green). Confocal images; 
horizontal sections. 
 
A, B: Along the alpha lobe column, some 5-HT fibres (arrowheads) are encountered 
in peripheral areas. Large inner portions of the column are not supplied with 5-
HT elements. The sprouting KC fibre bundle (arrows) is always devoid of 
invading 5-HT fibres. 
 
C, D: 5-HT immunoreactivity in the beta lobe. The central core area (arrows) is 
devoid of 5-HT.  5-HT elements (arrowheads) are scattered  in peripheal 
regions. 
 
E, F: Enlarged images of C/D. 
 
Scale bars: A - D: 10 µm; E, F: 5 µm 
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Figure 15: Glial cells in the MB pericaryal layer and calyx, double labelling with 
propidium iodide (red) and phalloidin (green), confocal images; frontal 
sections. 
 
A, B: Propidium iodide stains the somatic layer of KCs including the cluster of 
sprouting cells (SKC) and neuropil glia found at the margin of the MBs and at 
borders of subcompartments (black arrows). Sprouting fibre bundle (white 
arrows) in the anterior calyx (CA) adjacent to extracellular space (triangles). 
Posterior calyx (CP). 
 
C1-C4: Series of optical images showing the glia distribution in the anterior calyx 
central core area neuropil, at the border of the pericaryal layer. 
 
D: Glia (black arrows) in the anterior calyx. The central core fibre bundle (white 
arrow) is mainly free of glia; some glia elements (red spots) can be detected in 
the neuropil.  
 
E1-E4: Series of optical images showing the glia in and around the anterior calyx, 
propidium iodide staining. 
 
Scale bars: A, C, E: 20 µm; B, D: 10 µm. 
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Figure 16: Glial cells in the MB calyx, stalk, alpha and beta lobes. Double 
labelling with propidium iodide (red) and phalloidin (green), confocal 
images; horizontal sections. 
 
A: The sprouting KC fibre bundle (white arrow) of the calyx appears devoid of glia. 
Glia (black arrows) is seen at margins of the calyx. 
 
B, C, D: As stated for the calyx, glia (black arrows) is found at the borders of the stalk 
(B), and of alpha- (C) and of beta-lobes (D).  
 
Scale bars: A - D: 10 µm 
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Figure 17: Glia in the MB neuropil; electon micrographs (A, C, D) and light 
micrograph of toluidine blue stained semithin section (B). 
 
A: Thin glial elements (black arrows); central core region of sprouting fibres (asterisk) 
in the anterior calyx shows areas of extracellular space (EX) filled with electron 
dense material. Note irregular shaping of sprouting KC fibres. 
 
B: Toluidine blue staining in the MB calyx showing the position of the central 
sprouting fibre bundle (asterisk) and adjacent extracellular space (triangle). 
Note degenerating KC somata (white arrow). 
 
C: Glia elements (black arrows) in the calyx. Note a synapse (small arrow) of a 
neuronal profile presynaptic to glia. 
 
D: Glial cytoplasm (Gc) in contact with the electron dense extracellular space 
(triangle) extending between KC profiles in the alpha-lobe. Synaptic sites 
marked by arrows. 
 
Scale bars: A: 0.7 µm; B: 30 µm; C, D: 0.5 µm. 
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Figure 18: The proliferative cluster in the MB pericaryal layer, electron 
micrographs and light micrograph of a semithin section (B); horizontal 
sections (section level given in the scheme).  
 
A: The dark mitotic cells give off sprouting fibres, forming a central core (asterisk), 
glial perilemma cells (Gc) at the border of the proliferative cluster invade the 
central core. 
 
B: The proliferative cluster of dark cells with the central core area of sprouting fibres 
(asterisk) is surrounded by faintly stained KC somata. 
 
C: The central core contains fibres of irregular shape.  
 
D: High magnification from C. The fibres are full of ribosomes (triangles) and show 
tubules (arrowhead) and endoplasmic reticulum (ER). These fibres are 
interpreted as growth cone like structures. 
 
Scale bars: A: 2 µm; B: 5 µm; C: 0.5 µm; D: 0.2 µm. 
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Figure 19: Kenyon cell somata in the pericaryal layer; electron micrographs, 
horizontal sections. 
 
A: KCs in the pericaryal layer with large nuclei (N). Sprouting KCs (SKC) can be 
clearly discriminated from postmitotic KCs (rhombus). Fibre bundles of 
postmitotic KCs are surrounded by glial sheaths, also often separating 
somata. 
 
B: Glial sheath (small arrows) separates KC somata. Nucleus (N). 
 
C: Glial cytoplasm (Gc) adjacent to a KC soma. Scattered ribosomes (triangles). 
 
Scale bars: A, B: 2 µm; C: 0.5 µm. 
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Figure 20: Developing KC somata, electron micrographs. 
 
A: Sprouting KCs fibres forming growth cone-like structures with tiny filopodia 
(asterisk). Nucleus (N). 
 
B: Area with small filopodia, forming membrane contacts. 
 
C: Somata with direct membrane contacts; note membranes with partial 
enhancement of electron density. 
 
D: High magnification from C 
 
Scale bars: A: 1 µm; B: 0.5 µm, C: 0.7 µm; D: 0.4 µm. 
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Figure 21: KC pericaryal layer; level of section indicated in the scheme, 
electron micrographs. 
 
A: The central core KC fibre bundle contains sprouting dark fibres with growth cone 
like structures (asterisk), surrounded by a ring of small, more translucent fibres 
(zone of non sprouting KC fibres). The massive fibre bundle is ensheathed by 
glia, which is accompanied by electron dense extracellular space, intruding the 
fibre bundle (triangle); glial cell (Gc) with electron opaque cytoplasm contacts 
the KC fibres and the extracellular space. 
 
B, C: Higher magnifications of the central core region in A. Dark fibre profiles 
containing ribosomes, endoplasmic reticulum (ER) and tubules (arrowhead). 
Note electron dense extracellular spaces (triangles), glial cell (Gc). 
 
Scale bars: A: 2 µm; B: 0.4 µm; C: 0.3 µm. 
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Figure 22: Central calyx area; section level indicated in the scheme; electron 
micrographs. 
 
A: Central core area (asterisk) with growth cone like structures; surrounded by more 
mature KC fibres. Note invading extracellular space (EX). 
 
B: Micrograph of toluidine blue stained semithin section showing the central core 
(asterisk) with extracellular processes (triangle). 
 
C,D: Central core fibres with ribosomes (triangle) and tubules (arrowhead). 
 
E,F: Synapses (arrows) in the KC pericaryal layer. Glial sheath marked by a small 
arrow 
 
Scale bar: A: 2 µm; B: 10 µm; C: 0.2 µm; D: 0.1 µm; E: 0.4 µm; F: 0.3 µm. 
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Figure 23: Anterior calyx; electron micrographs (A, C, D); light micrograph of 
toludine blue stained semithin section (B); section level indicated in 
scheme  
A: Central core area (asterisk); note large extracellular space (EX). 
 
B: Central core (asterisk) and extacellular space (triangle) in the anterior calyx (CA). 
 
C: Central core area with sprouting KC fibres; extracellular space (EX). 
 
D: Detail from B; sprouting elements with tubules (arrowheads). 
 
Scale bars: A: 2 µm; B: 30 µm, C: 0.4 µm; D: 0.1 µm. 
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Figure 24: Central core area at the basal part of the anterior calyx, electron 
micrographs (A, C, D); light micrograph of semithin section (B); section 
level indicated in scheme. 
 
A: Central core sprouting fibres. Note the many extracellular processes (EX) and a 
degenerating element (deg). 
 
B: The central core (asterisk) is surrounded by KC fibre bundles, separated from the 
discrete area of glomerular neuropil (dotted line). 
 
C, D: Details from A, sprouting fibres (rhombus) extend projections to the extrallelular 
spaces. Note tubules (arrowheads) and ribosomes (triangle). 
 
Scale bars: A: 0.4 µm; B: 40 µm; C, D: 0.2 µm. 
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Figure 25: Anterior calyx; electron micrographs. 
 
A: Extracellular space (EX) directly contacted by KC fibres; tubules (arrowheads). 
 
B: Detail from A; KC fibre membrane contacting the EX, not surrounded by a 
membrane 
 
C-E: Contact of extracellular space (EX) to glial cytoplasm (Gc), forming small 
extensions (arrows). D; magnification from C: Note single glial membrane 
(triangle) 
 
Scale bars: A, C, E: 0.2 µm; B, D: 0.1 µm. 
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Figure 26: Stalk, KC fibre bundles; light micrographs of semithin sections (A, 
B), electron micrographs; sagittal section (A); cross sections (B-F). 
 
A: Dark central core part (arrow) and surrounding KC fibres in the stalk, anterior 
calyx (CA), posterior calyx (CP) holding KC III neurones. Position of brain in 
the head indicated: anterior, posterior, dorsal and ventral side (a,p,d,v). 
 
B: In the cross section the distribution of bundles of KC I-III axons is clearly seen. 
The dark central core (asterisk) is surrounded by an area with KC I axons. 
 
C, D: Note the dark zone of sprouting fibres (asterisk) and the surrounding tiny fibres 
with less electron dense staining. More peripheral parts (KC II area) show light 
extrinsic fibre (eF) profiles. 
 
E: KC II fibre region with synapses (arrows) and a postsynaptic extrinsic fibre (eF). 
 
F: Peripheral stalk with the larger KC III fibres. Glia (black arrow). 
 
Scale bars: A: 60 µm; B: 20 µm, C: 2 µm; D: 0.3 µm; E: 0.6 µm; F: 0.5 µm. 
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Figure 27 A-D: KC fibres in the central core of the stalk, development in the 
central core of the stalk, electron micrographs, serial sections. 
 
Note the shape of dark sprouting fibres contacting the extracellular spaces;  
corresponding areas (1, 2).  
 
Scale bars: A-D: 0.3 µm 
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Figure 28: Alpha lobe, electron micrographs (A, B); light micrograph (C) of 
toluidine blue stained semithin section; section levels indicated in the 
scheme. 
 
A: The central core (asterisk) at the top of the alpha lobe containing sprouting 
elements with irregular shape is surrounded by KC I fibres; no synapses are 
found in this area. The peripheral region with more mature KC fibres is 
invaded by extrinsic fibres (eF) and shows synaptic sites (arrows). 
 
B: The central core with sprouting fibres (asterisk) at a more proximal level of KC 
fibre bundles. Electron micrograph through the medial part of the alpha lobe. 
In the periphery, more mature fibres of KC II type are encountered. 
 
C: Note the differential toluidine blue staining showing the central core (asterisk) and 
light staining of surrounding fibres (dotted line), outer neuropil column contains 
KC II fibres. 
 
Scale bars: A, B: 2 µm; C: 20 µm 
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Figure 29: KC fibres in the alpha (A, B) and beta lobes (C-E), electron 
micrographs. 
 
A: The central core (asterisk); sprouting fibres with centrally directed projections 
(arrows). Note emerging branches of tiny fibres (small arrows). 
 
B: Tiny profiles of KC fibres with synapses (arrows) presynaptic to an extrinsic fibre 
(eF); area of KC II fibres.  
 
C: The central core area with sprouting fibres (asterisk) in the beta lobe is shifted to a 
marginal position. As found in the stalk and alpha lobe, an adjacent area of 
tiny KC fibres (light staining) is surrounded by a zone of more darkly stained 
fibres containing abundant synapses. 
 
D: High magnification from C showing the central core (asterisk) with sprouting 
fibres. 
 
E: KC elements presynaptic to an extrinsic fibre profile (arrows); peripheral area of 
beta-lobe. 
 
Scale bars: A, B: 0.5 µm; C: 2 µm; D, E: 0.5 µm. 
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Figure 30: Fibre profiles (A, B: original micrographs; C, D: computer 
reconstructed fibre profiles for quantification; E: histogram of fibre 
profile dimensions in different stalk regions; F: histogram of tubule 
numbers in profiles in different stalk regions in the MB stalk (cross 
sections). 
 
A, C: Peripheral stalk area with KC III fibre profiles. 
 
B, D: Central core with fibres of sprouting KCs. 
Colour coding of fibre surface areas in C and D detected wihin squares of 
equal size (12.25 m2) used for measurements and counts (compare with 
inset in F). A series of adjacent squares from the stalk centre to its periphery 
(s. scheme bottom right) was analyzed. 
 
E: Histogram showing the increase of fibre profile surfaces from the centre (arrow) to 
the periphery of the stalk. Note the gradual increase of mean fibre sizes along 
the axis from the centre to the periphery (compare with inset in F); n: number 
of profiles detected, error bars: +/- SE of mean profile surface area (nm2) 
within a measurement square plotted versus its position along the centre to 
periphery stalk axis. 
 
F: Histogram showing the distribution of tubule number per profile in different regions 
from the centre (arrow) to the periphery of the stalk as shown in the inset 
(same measuremnt units as in E). 
 
Scale bar: A-D: 0.5 µm 
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Figure 31: Fibre profiles (A, B: original micrographs; C, D: computer 
reconstructed fibre profiles for quantification; E: histogram of fibre 
profile dimensions in different alpha lobe regions (cross sections).  
 
A, C: Peripheral area with KC II fibre profiles and extrinsic elements in the distal 
alpha-lobe. 
 
B, D: Central core with fibres of sprouting KCs. 
Differential colour coding of fibre surface areas (C, D) in squares of equal size 
used for measurements and counts. Note the mixture of small profiles (red) 
and large irregularly shaped profiles of blebbed fibres filled with synaptic 
vesicles in B and fibre profiles with finger like projections in the central core 
(green colour). Samples of squares (12.25 m2) out of a montage of 
micrographs from the lobe centre to its periphery along the line given in the 
scheme (Fig. 30F) were used for the histogram in E. 
 
E: Histogram showing the distribution of fibre profile surfaces from the centre (arrow) 
to the periphery of the alpha lobe. Note the gradual increase of mean fibre 
sizes along the axis from the centre to the periphery (compare inset in Fig. 30 
F); n: number of profiles detected, error bars: +/- SE of mean profile surface 
area (nm2) within a measurement square plotted versus its position along the 
centre to periphery stalk axis. 
 
Scale bar: A-D: 0.5 m. 
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Figure 32: Differential distribution of synapses and mitochondria in MB 
neuropil compartments; counts from samples (squares of 9 m2) of a 
montage of micrographs along an axis from the central core to the MB 
periphery; cross sections of the columnar neuropil of the calyx, stalk 
alpha- and beta lobe; levels of sections indicated in the MB scheme, 
samples from one mushroom body. 
 
A: Calyx; the central core area (arrow) is free of synapses. The numbers of synapses 
and mitochondria per square increase towards the periphery. 
 
B-F: The central core area is devoid of synapses in all compartments; the amount of 
synapses and mitochondria is increased towards the periphery. The 
equipment with synapses and mitochondria varies at the different levels of 
sections. The counts support the view of age correlated functionalisation of KC 
fibres. Colour coded squares, circles and triangles indicate the numbers of 
synapses and mitochondria counted per square. 
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Figure 33: Degeneration in the MBs, electron micrographs (A, C-H); light 
micrograph of toluidine blue stained semithin section (B). 
 
A: Degenerating KC somata (deg). 
 
B: Degenerating KC somata (arrows) at the periphery of the anterior pericaryal rind. 
 
C, D: Degenerating fibres (arrows) in the central core area of the anterior calyx. 
 
E, F: Aspects of degenerating stages (arrows) in the central core of the anterior 
calyx. 
 
G, H: Degeneration in the central core area of the stalk. Note empty vacuoles 
(arrows); sagittal sections. 
 
Scale bars: A: 2 µm; B: 20 µm; C-E: 0.8 µm; F-G: 0.5 µm. 
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